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ABSTRACT 


The  literature  on  the  heterogeneoua  decomposition  of  hydrogen 
peroxide  by  inorganic  catalysts  was  surveyed.  The  aim  was  to  provide 
background  information  useful  in  the  development  of  new  catalysts  for  high- 
strength  hydrogen  peroxide  in  propulsion  applications.  The  survey  was 
prepared  as  part  of  a  research  program  on  the  development  of  active,  stable 
catalysts  for  decomposing  98  per  cent  hydrogen  peroxide.  Published  litera¬ 
ture.  technical  reports,  and  patents  In  the  period  1945-1968  were  included. 
The  survey  showed  that  silver  and  platinum  are  the  moat  extensively  investi¬ 
gated  catalysts.  Other  major  catalysts  are  palladium,  copper,  iron,  cobalt, 
manganese,  and  their  compounds.  Various  methods  have  been  proposed  for 
increasing  catalytic  activity  by  additives  that  promote  the  parent  activity  of 
elements  or  compounds.  Samarium  nitrate -treated  silver,  cobalt-manganese 
oxide  mixtures,  ruthenium  and  its  compounds,  and  silver -gold  alloys  are 
the  moat  active  catalysts  that  have  been  reported. 
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SECTION  I 


INTRODUCTION 


The  development  of  high* strength  hydrogen  peroxide  and  its  appli¬ 
cation  to  propulsion  by  Germany  in  World  War  Q  gave  Impetus  to  investiga¬ 
tions  of  catalysts  useful  in  torpedoes,  rockets,  gas  generators,  and  similar 
devices.  Commercial  production  of  90  per  cent  hydrogen  peroxide  in  1945 
and  98  per  cent  hydrogen  peroxide  about  1948  by  the  Buffalo  Electro- Chemical 
Company  Increased  the  scope  and  the  challenges  of  successful  propulsion 
systems  employing  catalytic  decomposition. 

Many  catalysts  for  the  decomposition  of  hydrogen  peroxide  have  been 
investigated.  Silver  has  long  been  known  as  the  best  catalyst  for  rapidly 
and  efficiently  decomposing  hydrogen  peroxide  Ln  propulsion  applications. 
However,  sustained  operations  -vith  90  per  cent  peroxide  and  short-term 
operation  with  98  per  cent  peroxide  have  shown  that  the  usefulness  of  silver 
is  limited  because  of  melting  and  severe  erosion  at  high  decomposition 
temperatures. 

Under  Air  Force  Contract  AF  04(611)11208,  FMC  Corporation 
began  a  program  in  December  1965  to  develop  improved  catalysts  for 
decomposing  98  per  cent  hydrogen  peroxide  in  rocket  applications.  This 
literature  search  was  aimed  at  providing  background  information  from  all 
sources  on  the  development  of  inorganic  catalysts  that  may  be  of  Importance 
for  future  development  efforts.  Published  literature,  technical  reports, 
and  patents  issued  in  the  last  twenty  years  were  reviewed. 

The  emphasis  of  the  search  was  on  the  development  and  charac- 
terir.ation  of  catalyst  materials.  The  report  is  written  from  a  chemical 
point  of  viow.  Engineering  aspects  of  either  catalyst  design,  motor  con¬ 
figuration,  safety,  or  testing  of  propulsion  units  were  included  only  if  they 
bear  directly  on  the  development  of  new  catalysts.  Applications  of  catalysts 
ln  specific  propulsion  devices  were  not  included. 

Hydrogen  peroxide  decomposes  at  a  measurable  rate  ln  contact  with 
any  substance.  The  rate  depends  on  both  the  nature  and  quantity  of  trace 
elements  either  added  to  or  dissolved  from  the  container.  There  is  a 
considerable  amount  of  literature  devoted  to  this  topic.  However,  it  has 
little  bearing  on  the  choice  of  catalyst  for  rapidly  decomposing  concentrated 
hydrogen  peroxide  in  bulk  unless  such  Impurities  either  poison  the  catalyst 
or  promote  the  decomposition  rate  without  drastically  altering  the  thermal 
stability  of  the  bulk  peroxide.  Also,  most  of  those  studies  relate  to  homo¬ 
geneous  catalysis.  Effects  of  Impurities  on  the  behavior  of  hydrogen  per¬ 
oxide  were  included  in  this  survey  only  if  they  related  directly  to  hetero¬ 
geneous  catalyst  performance. 


One  of  the  moat  active  field*  of  research  in  hydrogen  peroxide 
decompoaition  involve*  complex  or  coordination 'compound  catalyata,  which 
are  generally  conaidered  inorganic.  Thoae  complexea  containing  organic 
group*  were  not  included  here  becauae  of  their  relative  inatability  at  the 
high  temperature*  of  intereat  in  propulaion  application*.  However,  litera¬ 
ture  dealing  with  organic  promoter*  of  decompoaition  rate  wa»  included. 

Strictly  a  pea  king,  the  diviaion  of  hydrogen  peroxide  catalyata  into 
heterogeneoua  and  homogeneoua  may  be  conaidered  to  blur  the  definition  of 
the  parameter*  Involved  in  heterogeneoua  catalyata.  Certainly  a  complete 
atudy  of  mechanism*  of  heterogeneouc  catalyaia  muat  involve  detailed  con- 
ai deration*  of  homogeneoua  catalyaia.  Thera  are  unsettled  question*,  in 
faet,  aa  to  whether  certain  reactions  are  homogeneoua  only,  heterogeneoua 
only,  or  both  homogeneoua  and  heterogeneoua.  A a  a  practical  dlatinction, 
catalyata  were  included  in  this  search  only  if  a  solid  phase  was  reported  to 
participate  in  the  reaction.  Studies  of  homogeneoua  reactions  that  may 
relate  directly  to  heterogeneous  mechanisms  were  not  Included.  Studies 
of  the  kinetics  of  thermal  decompoaition  were  included  becauae  they  relate 
to  catalytic  decompoaition  of  peroxide  at  high  temperatures. 

The  text  of  this  report  ia  arranged  according  to  the  groups  of  the 
elementa  in  the  periodic  tcble.  References  are  diacuaeed  under  the  eection 
covering  the  element  contained  in  the  moat  active  catalyst  investigated. 

Thus  not  all  Information  on  a  particular  element  will  be  found  in  a  single 
section.  An  Index  of  cross -references  la  included  at  the  back  of  the  report 
to  facilitate  finding  information  throughout  the  report  concerning  the  catalytic 
behavior  of  any  particular  element. 

A  list  .1  the  principal  sources  used  in  the  literature  search  is  alac 
included.  The  main  source  wa*  Chemical  Abstracts.  Whenever  poaiibU, 
each  reference  is  keyed  to  its  abstract  to  help  in  locating  further  Info  • 
tion  on  those  papers  difficult  to  obtain. 


SECTION  II. 


PRIOR  LITERATURE  SEARCHES  AND  REVIEWS 


During  the  firet  few  years  after  World  War  II  a  number  of  reviewe 
appeared  covering  various  aepecte  of  the  manufacture  of  hydrogen  peroxide 
by  Germany.  The  general  ure  of  peroxide  for  propulsion  was  reviewed  by 
McKee  <262 ). 41  Various  propellants,  including  80  per  cent  hydrogen  per* 
oxide  and  ignition  catalysts,  were  reviewed  by  Cherney  (34).  In  1947  Levi 
(227)  reviewed  various  possibilities  for  using  hydrogen  peroxide  as  a  fuel 
and  oxidizer.  Later  reviews  of  the  use  of  90  per  cent  hydrogen  peroxide 
(25)  and  "anhydrous"  hydrogen  peroxide  (26)  as  propellants  were  published 
by  Bloom  and  others, 

In  1952,  Evans  and  others  (57)  published  a  critical  review  of  the 
energetics  of  reactions  involving  hydrogen  peroxide,  its  radicals,  and  its 
ions.  Hart  and  McFadyen  (98),  in  a  1954  classified  (now  declassified)  tech¬ 
nical  report,  presented  a  comprehensive  and  cxvical  review  of  the  thermal 
and  catalytic  decomposition  of  hydrogen  oeroxide  vapors.  The  authoritative 
reviews  by  Baxendale  (15)  and  by  Weiss  (362)  deal  almost  entirely  with 
homogeneous  catalysis,  but  because  of  the  emphasis  on  mechanism,  they 
are  frequently  cited. 

The  1955  monograph  by  Schumb,  Satterfield  and  Wentworth  (309)  of 
M.1  T.  remains  the  most  comprehensive  source  of  information  on  hydrogen 
peroxide.  In  their  discussion  of  decomposition  by  inorganic  catalysts  the 
authors  painted  out  that  "progress  in  predicting  the  mechanism  of  the  decom¬ 
position  of  hydrogen  peroxide  by  heterogeneous  catalysts  has  been  disap¬ 
pointingly  slow  and  lags  well  behind  the  understanding  of  homogeneous 
catalysis."  The  same  statement  applies  to  the  subject  today.  The  more 
than  15  years  of  research  in  the  M, L  T.  Hydrogen  Peroxide  Laboratories 
hae  generated  a  considerable  number  of  technical  reports,  most  of  which 
were  listed  in  a  final  report  by  Satterfield  (255)  in  1962. 

Tamura  (339)  published  (in  Japanese)  a  I960  review  of  the  catalytic 
decomposition  of  hydrogen  peroxide.  In  the  same  year  Baldwin  and  others 
(10)  reviewed  studies  of  dissociation  of  hydrogen  peroxide  with  respect  to 
the  role  it  plays  in  the  reaction  of  hydrogen  and  oxygen.  Fisher  and  Zeil- 
berger  (58)  reviewed  in  I960  the  state  of  catalyst  development  for  rocket 
applications  of  hydrogen  peroxide  at  concentrations  of  90  per  cent  and 
higher.  A  1962  publication  of  the  Shell  Chemical  Company  (316)  contains 
an  annotated  bibliography  of  about  350  references  on  the  production,  use, 
and  catalytic  decomposition  of  hydrogen  peroxide. 


*  Numbers  in  parentheses  denote  references  in  Section  XXI. 


n  ...  A  D*fe1u“  Documentation  Center  bibliography  on  hydrogen  peroxide 

llii?  P  for  th#  PMM«  March  ie  available  through  DDC.  A  general 

bibliography  on  rocket  propellants  published  by  DDC  (297)  also  coniine 
useful  information  and  leads  to  the  earlier  literature. 


sicten  m. 


ALKALI  METALS ' 


The  alkali  metal  compound*  normally  do  not  catalyse  the  decom- 
position  of  hydrogen  peroxide.  However,  Krause  and  co-workers  (202) 
reported  that  sodium  ion  can  activate  the  catalysis.  Normally  inactive 
CoCl}  in  solutions  with  pH  <  7  becomes  very  active  in  the  presence  of  dilute 
sodium  acetate.  Sodium  ion  also  promotes  the  catalytic  activity  of  a  solid 
mixture  of  aluminum  oxide  hydrate  and  Co(OH)g.  Coprecipitation  of  the 
hydroxides  from  a  solution  containing  sodium  ion  yields  a  catalyst  of  greater 
activity  than  that  of  a  catalyst  of  the  same  composition  prepared  by  mechan¬ 
ical  mixing.  The  activity  is  ascribed  to  the  formation  of  a  surface  polyanion 
having  a  free  ligand  coordination  position  to  cobalt. 
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SECTION  IV. 


ALKALINE  EARTH  METALS 


1.  BERYLLIUM 

Krause  and  Orlikowska  (180)  found  that  the  catalytic  rate  of  decorn* 
-.position  of  150  cc  of  0.  3  per  cent  HaOa  at  8?**  by  0. 1  gram  Be(OH)a  wu 
.  inert  Med  3 -fold  by  first  adding  1.  0  cc  of  a  BaCla  solution  .containing  10'* 
gram  Ba,+  Iona.  The  activation  is  presumably  a  result  of  Be(OH)a-Bal+ 
complex  formation  at  the  surface.  These  authors  (198)  later  showed  that 
the  catalytic  activities  of  Ag(I)  and  WO**'  ione  are  greatly  increased  when 
the  ions  are  adsorbed  on  a  Be(OH)j  carrier.  Ordinarily  the  ions  are  only 
slightly  active.  Both  ions  gave  a  first-order  reaction. 

In  a  comprehensive  review  of  beryllium  oxidc^  Budnikov  and  Belyaev 
(32)  Included  a  discussion  of  interactions  with  hydrogen  peroxido. 

2.  MAGNESIUM 

Krause  and  co*workers  (18?)  compared  the  homogeneous  and  hetero¬ 
geneous  catalytic  activities  of  magnesium  hydroxide  and  basic  magnesium 
carbonate  in  the  decomposition  of  hydrogen  peroxide.  The  heterogeneous 
systems  gave  larger  conversions. 

Krause  and  others  (148)  found  that  the  weak  activity  of  Mg(OH)a  in 
the  decomposition  of  hydrogen  peroxide  is  strongly  promoted  by  adsorption 
of  Cu(II)  ions,  even  at  concentrations  as  low  as  10 "*  gram/liter.  Other 
ions,  including  Ag(I),  Mn(E),  Co(II),  Ni(II),  UOaa+,  Cr(m),  and  F«(IH) 
poisoned  the  catalyst. 

The  influence  of  small  concentrations  of  added  SnOa  on  the  catalytic 
activity  of  MgO  in  the  decomposition  of  hydrogen  peroxide  was  determined 
by  Zhabrova  and  Fokina  (378).  SnOa  contents  of  0.  01  to  6.  4  per  cent  yielded 
different  results  for  different  methods  of  preparation.  The  highest  activity 
resulted  with  a  catalyst  containing  0.  086  per  cent  of  SnOa,  It  was  prepared 
by  heating  MgO  moistened  with  a  chloroform  solution  of  (CiHiU&i  to  600* 
for  an  hour.  This  catalyst  decomposed  HjOa  4, 1  times  faster  than  did  MgO 
alone  at  90*.  In  some  instances,  low  concentrations  of  SnOa  could  not  be 
detected  by  x-ray  analysis,  which  suggested  that  MgO  and  SnOa  formed  a 
surface  compound. 

Krause  and  Plura  (179)  found  that  Adsorption  of  cobalt  ions  on 
magnesium  carbonate  yielded  an  active  catalyst  for  decomposing  hydrogen 


+  All  temperatures  in  this  report  are  degrees  centigrade  unless  noted  as  *F. 
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peroxide.  Witting  0.  01  gram  of  Mg  CO)  by  1  cc  of  CaCl*  •olution  decom¬ 
posed  80  p«r  c«nt  of  *  3-per  coot  HjOj  solution  la  30  minutes,  where**  the 
CoQ|  eolutloa  alone  decomposed  only  1  per  cent  la  the  eame  time.  Mn(IX) 
ion*  behaved  similarly  to  Co (11),  but  Zn(XX),  Cd(Xl),  and  Ni(22)  ion*  were 
ineffective. 

Krause  and  Orlikowaka  (198)  determined  the  effect  of  adsorbed  ion* 
pair*  on  the  catalytic  activity  of  Mg(OH)a.  The  pair*  La(IZl)/Cu(lI), 
Mf(Q)/Cu(IX),  and  Al(IH)/Cu(lI)  all  promoted  the  activity  but  to  an  extent 
that  depended  in  each  case  on  the  order  of  adaorption  of  the  ions.  Thia 
"catalytic  mutation"  la  ascribed  to  the  formation  of  surface  complexes  in 
which  tha  first  ion  adsorbed  becomes  tha  central  atom. 

Krause  and  Kukislka  (183)  reported  that  Co(ZI)  ions  were  so  active 
adsorbed  on  magnesium  hydroxide  that  they  yielded  observable  decomposi¬ 
tion  rates  down  to  10**  gram  at  a  dilution  of  1:2  x  10*.  Mn(lX)  Iona  ware 
lass  active:  Cu(Dt)  Iona  ware  without  affect. 

3.  CALCIUM 

Krause  and  Wolaki  (141)  found  that  Ca(CH)a  in  tha  prtaenc*  of  Mn(ll) 
ions  was  an  extremely  active  catalyst  for  decomposing  hydrogen  peroxide. 
Cither  component  alone  was  inert.  The  mixture  waa  ao  active  that  tha 
decomposition  could  be  used  to  detect  10**  moles  of  Mn(Il).  which  experi¬ 
ments  Indicated  to  correspond  to  the  decomposition  in  on*  eecond  of  over 
20. 000  molecules  of  HjOj  by  ona  gram-atom  of  Mn(Zl).  The  behavior  was 
attributed  to  the  formation  of  traces  of  surface  complex  radicals.  Co(Il) 

Iona  bahaved  similarly  to  Mn(H), 

Kraus*  (ISO)  later  studied  the  catalytic  action  of  Ca(CN)j  with 
respect  to  the  decolo fixation  of  indigo  carmine  eolutlon  by  decomposing 
hydrogen  peroxide.  Catalytic  activity  waa  promoted  by  tbs  following  ions, 
la  decreasing  order:  M°(Q).  Co(U).  Fe(U2),  Mg(ZI).  in  the  presence  of 
CafXX)  Ions.  Ca(CN)a  was  inactive. 

The  use  of  solid  CaGOj,  Sr  CO  j  and  BaCO)  at  carriers  for  various 
adsorbed  lone  in  the  catalytic  decomposition  of  hydrogen  peroxide  was  in¬ 
vestigated  by  Kraus*  sad  co-workers  (192).  Both  Co(U)  sad  Ag(I)  ions 
catalyse  oa  any  of  tha  three  carriers.  MLn(13)  was  similar,  but  it  waa  more 
active  oa  CaCO|  or  BaCO|  than  on  SrCOj.  Cu(U)  and  Fe(lU)  were  lea*  active. 
Ni(2X)  and  Cd(C)  were  ineffective  but  small  differences  between  them  were 
consistently  observed.  K|F*(CN)t  gave  a  positive  effect  on  CaCO).  but  a 
negative  on*  on  SrCO)  or  BaCO).  The  results  showed  that  both  active  and 
laactive  ions  are  adsorbed,  but  evidently  only  active  ions  change  the  crystal 
lattice  defect  structure,  which  allows  tha  surface  to  assume  donor  properties 
sad  gives  the  loa/carrier  complex  a  type  of  n-dsfset  arrangement.  On  this 
basis  the  decomposition  can  be  described  as  acceptor  catalysis. 
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4.  BARIUM 


Krauae  and  othera  (172)  reported  that  although  BaSO«  ia  inactive  aa 
A  catalyet  for  decompoaing  hydrogen  peroxide,  it  can  be  activated  if  precip¬ 
itated  at  98*  in  the  preaence  of  a  Cu(U)/Co(U)  ion  mixture.  Activation  waa 
not  observed  when  the  aame  procedure  waa  uaed  at  20*. 


SECTION  V. 


BORON,  ALUMINUM,  SCANDIUM,  YTTRIUM 


1.  ALUMINUM 

According  to  Krause  and  Borseaskoweki  (147),  various  forma  of 
aluminum  oxide  hydratea  can  be  differentiated  by  the  relative  activities  of 
adaorbed  Mn(Q),  Cu(H),  and  Fe(IU)  in  the  decompoaition  of  hydrogen  per- 
oxide  at  37*,  Invariably,  adaorbed  iona  provide  lower  activity  than  do 
either  of  the  iona  alone,  The  relative  retardation  by  the  carriers  waa; 
amorphoua  Al(OH)j<  v-AlOOH  (boehmite)<  a-Al(OH)j  (hydrargillite)<  v- 
Al(OH)}  (byerite).  The  technique  can  be  used  aa  an  analytical  method  for 
distinguishing  the  oxides.  It  waa  alao  found  that  in  solutions  of  mixed  iona 
the  activity  depended  on  the  order  of  addition  of  the  iona, 

Krauae  (143)  found  that  although  aluminum  iona  do  not  decompoae 
hydrogen  peroxide  at  37*  in  solution,  they  do  promote  or  inhibit  the  activity 
of  other  catalysts.  Al(HI)  promotes  the  decompoaition  by  copper  ferro- 
ferrlcyanlde,  but  inhibits  the  decompoaition  by  CuO,  mixed  gels  of 
Al(OH)j>Cr(OH)fFe(OH)i,  Cu(OH)a-Pb(OH){-Fe(OH)„  and  Mg(OH)2>Cu(OH),- 
•Fe(QH)},  and  by  Coj[Fe(CNk]  gel.  Complex  formation  and  blocking  of 
active  centers  are  used  to  explain  the  results. 

Schwab  and  Greger  (311)  studied  the  catalytic  decomposition  of 
hydrogen  peroxide  by  semiconductor  alloys  of  aluminum  and  antimony.  At 
constant  surface  area  the  catalytic  reaction  rate  is  faster  on  n-AlSb  than  on 
p-AlSb.  Alao  it  was  first  order  on  n-AlSb  and  second  order  on  p-AlSb. 

These  facts  are  said  to  confirm  that  the  reaction  ia  an  acceptor  reaction. 

In  other  experiments  it  waa  demonstrated  that  catalyst  corrosion  is 
diminished  by  covering  the  surface  with  H|Oj.  Irradiating  both  catalysts 
with  ultraviolet  light  resulted  in  an  increase  by  20  per  cent  of  the  reaction 
velocity  on  p-AlSb  and  a  decrease  by  20  per  cent  on  n-AlSb. 


CARBON,  SILICON,  GERMANIUM,  TIN,  LEAD 


I.  CARBON 

a.  Nature  and  Mechanism  of  Carbon  Activity 

The  decompoaltion  of  hydrogen  peroxide  by  molded  earbona  prepared 
from  coal-pitch  coke  heated  above  2200*  waa  inveatlgated  bylchlnoee  (111). 
Samplea  of  molded  earbona  heated  between  800  and  2800*  were  ueed  to 
decompoae  87  par  cent  HjjOj  (in  HtS04)  to  determine  the  effect  of  thermal 
treatme.it  on  activity.  The  rate  waa  about  constant  for  aamplea  heated  up 
to  1200*,  aharply  fell  off  at  1200-1300*,  then  gradually  declined  to  sero  at 
2200*,  above  which  no  decompoeition  waa  detected.  The  abrupt  change  at 
1200-1300*  ia  aacribed  to  a  n.stjox  modification  of  the  aurfaee  structure, 

Rrlnkmann  (28)  attempted  to  relate  the  activity  of  activated  carbon 
to  the  eaae  with  which  it  decompoaaa  hydrogen  peroxide.  Sorption  of  atrong 
acida  and  alkaliea  can  be  uaed  to  determine  the  aurfaee  groupa  that  exhibit 
acid  and  baaic  properties,  both  of  which  determine  the  chemical  nature  of 
the  carbon.  By  determining  the  half-time  of  catalytic  activity  in  the  decom- 
poaition  of  hydrogen  peroxide  it  ia  poaaible  to  detect  amall  changes  in 
carbon  surfaces. 

Brlnkmann  (29)  later  published  a  review  of  catalysis  by  activated 
carbon  in  which  the  decomposition  of  hydrogen  peroxide  is  discuased  in 
detail  along  with  other  reactions.  The  nature  of  aurfaee -active  groups  was 
considered  to  be  important  for  understanding  the  behavior  of  the  catalyst  in 
this  reaction. 

Ganta  (82)  examined  qualitatively  the  products  formed  in  the  decom¬ 
position  of  hydrogen  peroxide  to  determine  surface  properties  that  affect 
the  mechanism.  The  reaction  waa  extremely  sensitive  to  the  chemical 
nature  of  the  surface.  The  mechanism  waa  determined  by  the  relative 
content  of  alkaline  and  acid  sites  on  the  surface.  It  wa*  concluded  that 
surface  oxides  participate  in  the  reaction,  and  during  decomposition  are 
gradually  converted  to  oxides  of  carbon,  which  ars  given  off  with  oxygen 
and  water. 

Additional  kinetic  evidence  from  experiments  with  brick-activated 
carbon  was  uaed  to  confirm  previous  theories  as  to  the  nature  of  carbon 
activity  (83).  In  addition,  Ganta  compared  the  velocity  of  decomposi¬ 
tion  on  anodlcally  and  cathodically  polarised  carbon  electrodes.  The  results 
indicated  that  the  action  of  H^O*  on  active  alkali  oxides  depends  on  the 
exchange  of  OH“  ions  on  the  carbon  surface  with  HOi~  ions  in  solution. 


Puri  and  other*  (295)  studied  the  catalytic  activity  of  charcoal  pre¬ 
pared  by  carbonizing  aucroae  with  aulfuric  acid.  Three  aamplea  were  uaedt 
(1)  aa  prepared,  (2)  degassed  at  750*,  and  (3)  degaaaed  at  1200*.  Sample  (1) 
waa  the  leaat  active  and  aample  (3)  the  moat  active.  The  difference*  were 
attributed  to  change*  from  acidic  to  alkaline  aurfacea  aa  the  temperature  of 
thermal  treatment  increaaea.  Degaaaed  charcoal  chemiaorbed  enough  oxygen 
during  the  decompoaition  to  form  a  aurface -oxygen  complex  that  make*  the 
aurface  acid  and  of  diminiahed  activity,  A  mechaniam  waa  auggeated: 

HjOi  =  H+  +  OOH- 
(C)H+  '  OOH'  3S  (C)H+  :OH“  +  (O) 

Hydrogen  iona  are  adaorbed,  the  unatable  OOH'  decomposes,  and  H+  and 
OH”  combine. 

labin  and  other*  (246)  decompoaed  hydrogen  peroxide  at  atmoapheric 
preaaure  by  paaaing  aolutiona  through  email  catalytic  tube*  of  varioua  mi- 
teriala.  Poroua  carbon  waa  the  moat  aatiafactory  carrier  teated.  Alundum 
tubes  gave  the  leaat  reproducible  performance.  Weight  loaaea  were  amalleat 
for  carbon  and  irium  (cobalt-plated  braas)  screen  catalysts.  Equations 
based  upon  resistances  encountered  to  the  movement  of  hydrogen  peroxide 
from  the  main  body  of  the  solution  to  the  catalyat  liquid  interface,  and  upon 
the  resistance  to  decomposition  at  the  catalyst  liquid  interface,  accounted 
for  the  data  according  to  a  first  order  reaction.  The  equations  indicated 
that  a  liquid-film,  diffusion  resistance  was  controlling  for  the  silver  tubea 
and  irium  screen  catalyst*.  The  controlling  resistances  were  the  sum  of 
the  liquid  diffusion  resistance  in  pores  of  the  carriers  and  the  resistances 
to  decomposition  at  the  catalyst  liquid  interface. 

Fomenko  and  co-workers  (74)  used  01'  isotope  exchange  to  study  the 
mechanism  of  catalytic  decomposition  of  hydrogen  peroxide  by  activated 
carbon.  0**  was  included  in  the  aurface  oxides  and  in  hydrogen  peroxide. 

It  was  established  that  in  the  reaction,  oxygen  is  not  exchanged  between  the 
basic  oxides  and  H*0  or  H*Oj.  When  01'  was  present  in  H/)i,  it  was  found 
that  in  decomposition  the  011  content  of  the  basic  surface  oxides  approached 
that  of  HjO|.  On  the  average  the  transfer  consisted  of  25  to  30  per  cent  of 
the  initial  amount  in  HjOa.  The  results  were  consistent  with  the  proposal 
that  hydrogen  peroxide  decomposition  on  carbon  involves  ths  participation 
of  surface  oxides,  and  that  a  volumetric  interaction  between  basic  OH  groups 
on  the  carbon  surface  and  HO»“  ions  in  hydrogen  peroxide  results  in  the 
displacement  of  the  groups  by  the  ions.  Since  paramagnetic  resonance 
measurements  were  not  successful  in  detecting  free  radicals  on  the  carbon 
surface,  a  chain  mechanism  for  the  decomposition  could  not  be  established. 

In  a  later  study  using  the  isotope  method,  Fomenko  and  others  (75) 
concluded  that  the  liberation  of  oxygen  by  activated  carbon  involved  an 
exchange  reaction  of  surface  CH"  by  HOj". 


b.  Effects  of  Additives  and  Impurities 

The  rate  of  catalytic  decomposition  of  hydrogen  peroxide  by  Inorganic 
reagenta  adsorbed  on  activated  charcoals  was  examined  by  Watanabe  and 
Shiramoto  (360).  Highest  activities  were  obtained  with  adsorbed  MnCl*, 

CoClti  PdClj,  HjPtC4;  moderate  increased  resulted  for  adsorbed  HC104, 
HNO„  NH4CI,  (NH4)jS04,  MgClj,  Fe Cl),  Co(NO*)*,  and  SnCl*.  The  lowest 
values  were  obtained  for  NaOH,  KOH,  KMn04,  H2S04.  HjF04,  and  some 
metallic  sulfates. 

Magaril  and  Aksenova  (238)  determined  the  effect  of  sulfur  content 
on  the  catalytic  activity  of  carbon  black.  Several  methods  of  thermal  treat* 
ment  were  used  to  induce  combined  sulfur.  It  was  found  that  catalytic 
activity  increased  with  sulfur  content  and  that  carbon  treated  in  hydrogen 
sulfide  had  autocatalytic  activity. 

The  catalytic  activities  of  coal,  coke,  lampblack,  animal  and  other 
charcoals,  and  graphite  were  examined  by  Krause  (137).  Graphite  was 
inactive.  The  activities  of  the  other  catalysts  depended  on  their  iron, 
calcium,  and  magnesium  contents  as  well  as  their  absorptive  power. 

Kobozev  and  Zubovich  (120)  reported  that  the  adsorption  of  micro 
amounts  of  mixtures  of  Fe(Hl),  Gu(II),  and  Ag(X)  inhibited  the  catalytic 
decomposition  of  hydrogen  peroxide  by  sugar  charcoal. 

Kokado  and  others  reported  that  persimmon  tannin  (127)  and  tannic 
acid  (128)  inhibited  the  decomposition  of  hydrogen  peroxide  by  active  carbon, 
presumably  by  blocking  active  sites  at  the  surface. 

c.  Behavior  of  Carbon  Electrodes 

Ivanyi  (113)  used  the  relative  rates  of  hydrogen  peroxide  decomposi* 
tion  to  obtain  information  concerning  the  porosity,  surface  area,  and  dif¬ 
fusion  rate  in  activated  carbons  used  as  dry  cell  depolarizers,  is  such 
depolarizers,  bests  results  are  obtained  with  active  carbons  having  many 
active  and  few  inactive  pores. 

Kamliks  and  others  (US)  determined  the  relative  activities  of  carbon 
electrodes  from  various  manufacturers.  Effects  of  an  oxidising  atmosphere 
and  of  a  waterproof  film  were  also  determined.  Matsumoto  and  others  (257) 
reported  that  the  activity  of  carbon  electrodes  for  wet  air  cells  could  not 
be  directly  related  to  activity  in  the  catalytic  decomposition  of  hydrogen 
peroxide.  In  a  study  of  carbon  electrodes  for  wet  air  cells,  Makino  (242) 
found  that  the  terminal  voltage  of  wet  air  cells  at  constant  current  dis  • 
charge,  the  rate  of  hydrogen  peroxide  decomposition,  and  the  electrical 
conductivity  of  the  carbon  electrodes  could  be  related, 


12 


2.  SILICON 


Psnner  (289)  searched  (or  a  specific  catalytic  effect  of  silica  gel. 
Experiments  were  designed  to  compare  decomposition  rates  in  the  sol 
before  gelation  and  in  the  same  mixture  during  and  after  pelation.  Results 
from  the  thermal  decomposition  of  hydrogen  peroxide  in  basic  ailica  gels 
made  from  sodium  silicate  and  sulfuric  acid  revealed  that  gel  formation 
did  not  affect  the  stability  of  the  peroxide  at  room  temperature.  Both  the 
wall  effect,  and  quantum  yields  greater  than  one  for  the  photode composition, 
indicated  the  existenco  of  reaction  chains  during  the  decomposition.  In 
these  experiments  it  was  shown  that  for  silica  sol  and  silica  gel  the  first* 
order  reaction  rate  constants  were  the  same  and  that  the  quantum  yields 
were  of  the  same  order  of  magnitude. 

3.  LEAD 

a.  Metallic  Lead 

In  1946*47,  the  Naval  Torpedo  Station  at  Newport,  Rhode  Island 
conducted  a  program  to  evaluate  various  catalysts  for  decomposing  80  per 
cent  hydrogen  peroxide  in  submarine  and  torpedo  applications  (277).  Lead* 
plated  irium  (cobalt-plated  brass)  catalysts  were  being  produced  by  the  Navy 
at  that  time.  Techniques  for  activating  catalyst  screens  were  examined. 

The  problem  of  poor  starting  characteristics  of  lead  screens  was  solved  by 
adding  silver  as  an  activator.  Coating  the  screens  with  polyvinyl  alcohol 
waa  also  found  to  be  a  possibility  for  activating  the  initial  reaction,  Limited 
experiments  were  also  conducted  to  evaluate  silver-activated  cobalt  screens 
and  special  irium  screens  prepared  from  Inconel,  Monel,  and  stainless  steel. 
No  substantial  increases  in  catalyst  performance  were  reported  in  this 
program. 

Markovi£  (244)  studied  clectroehemically  the  mechanism  of  decom¬ 
position  of  hydrogen  peroxide  on  metallic  lead.  The  potentials  of  cells  with 
Pb/Pt  and  .  b/Ag  electrodes  in  HjO*  were  studied  as  a  function  of  time. 

Tor  0.01-0.25  M  HjOi  at  20*,  40*,  and  60*,  the  decomposition  required 
an  Induction  period,  which  is  not  observed  for  higher  concentrations. 

Neither  was  an  induction  period  required  if  the  electrode  was  first  immersed 
for  30  minutes  in  0,  1  M  HjOj  at  20*.  The  decomposition  war  a  zero -order 
reaction.  Catalytic  action  of  Hfit  on  freshly  prepared  Pb(OH)j  showed  that 
lead  oxldea  of  the  formula  PbOB  (n»  2  to  3)  are  formed. 

Maaterson  and  others  (256)  obtained  a  British  patent  (assigned  to 
Minister  of  Supply,  1952)  covering  mixtures  with  high  lead  content  for 
decomposing  hydrogen  peroxide,  The  catalysts  are  prepared  by  igniting 
mixturea  of  Pb,  PbO,  KMaO*,  and  Se,  Te,  or  S,  with  asbestos.  In  a  typical 
formulation,  400  grams  of  powdered  Pb,  100  grams  of  powdered  Sc,  200 
grams  of  powdered  KMnO«,  100  grams  of  powdered  PbO,  and  4  grams  of 
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asbestos  arc  palleted  and  Ignited.  The  resulting  hard,  porous  pellets  have 
high  activity  and  low  erosion  in  use.  The  catalyst  contains  about  4  per 
cent  o f  free  lead. 


b.  Lead  Oxides  and  Hydroxides 

Broughton  and  others  (249)  investigated  the  relative  activity  of 
various  freshly  precipitated  metal  hydroxides  as  catalysts  for  hydrogen 
peroxide.  Lead  hydroxide  showed  high  activity.  Silver  hydroxide  had  an 
initially  high  activity,  but  it  was  rapidly  poisoned  by  subsequent  additions 
of  the  peroxide.  Cobalt,  osmium,  and  manganese  hydroxides  had  inter* 
mediate  activities,  averaging  from  one 'fifth  to  one -tenth  that  of  lead.  Iron, 
copper,  nickel,  chromium,  selenium,  cerium,  and  mercurous  hydroxide 
were  considerably  less  active. 

Broughton  and  co -workers  (2S0)  also  examined  coprecipitated  metal 
hydroxides  as  catalysts.  The  hydroxide  mixtures  were  precipitated  directly 
in  48  per  cent  HjOj.  When  distilled  hydrogen  peroxide  was  used,  only  the 
following  combinations  showed  an  activity  higher  than  that  of  lead  hydroxide 
alone  (the  most  active  single  hydroxide  tested);  silver  plus  any  of  the 
following:  20*40  per  cent  nickel,  20  per  cent  cadmium,  40  per  cent  magne¬ 
sium,  20  per  cent  copper,  20  per  cent  manganese,  or  20-40  per  cent 
calcium.  As  successive  portions  of  H*02  were  added,  the  activity  of  these 
systems  dropped  more  rapidly  t! an  that  of  lead  hydroxide  so  that,  at  high 
cumulative  values  of  peroxide  added,  lead  was  again  more  active  than  any 
of  these  combinations.  In  the  case  of  catalysts  evaluated  with  Navol  C-3 
peroxide,  the  only  combinations  having  activities  above  that  of  lead  were 
silver  with  20  per  cent  of  magnesium  or  calcium.  The  activities  of  these 
systems  also  dropped  below  that  of  lead  at  moderate  cumulative  values  of 
H^02  added.  Activity  promotion  was  observed  for  other  mixed  catalysts 
but  all  such  activities  were  below  that  of  lead. 

Kulitskii  (209)  attempted  to  relate  photoconductivity  relaxation  times 
of  semiconducting  PbO  to  catalytic  activity  in  the  decomposition  of  hydrogen 
peroxide.  Different  samples  of  catalysts  gave  one  or  two  relaxation  times, 
one  of  which  coul&ha  directly  related  to  catalytic  activity.  For  the  second 
relaxation  time,  tflere  was  no  apparent  relation.  In  a  succeeding  study 
Kulitskii  (210)  fouift|l  a  qualitative  relationship  between  catalytic  activity  and 
the  stationary  photoconductivity  of  PbO. 

Broughton  and  others  (248)  conducted  experiments  that  provided 
strong  evidence  that  the  catalytic  actir.n  of  lead  salts  in  ths  decomposition 
of  hydrogen  peroxide  is  due  to  a  cyclic  oxidation-reduction  of  lead.  In  the 
catalysis  by  metallic  lead,  the  active  agent  is  a  coating  of  PbjO*  formed 
on  the  metal.  This  coating  appears  to  be  farmed  by  the  initial  dissolving 
of  lead,  in  divalent  form,  in  the  HjOn  followed  by  oxidation  and  redeposi¬ 
tion  as  Pbj04  on  the  metal  surface.  The  evidence  did  not  indicate  that  Pbs04 
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form*  by  direct  reaction  of  lead  and  HjO*. 

A  1949  U,  S.  patent  by  Wernlund  (364)  assigned  to  Du  Pont,  covers 
a  lead  oxide -containing  catalyst  especially  useful  for  decomposing  hydrogen 
peroxide.  In  the  preparation,  lead  is  first  electrodepotited  on  a  porous 
iron  support.  This  is  then  briefly  electrolyzed  first  in  an  alkali  metal 
cyanide  solution,  then  in  an  alkali  metal  carbonate  solution.  The  catalyst 
thus  produced  has  a  very  large  surface  area. 

On  the  basis  of  Ol*  distribution  in  the  hydrogen  peroxide  decomposi¬ 
tion  reaction,  Fomenko  and  co-workers  (75)  concluded  that  in  the  presence 
of  PbOx  the  decomposition  is  explained  by  an  electron  transfer  from  FbO} 
to  HaOa,  with  rupture  of  the  0-0  bond. 

Krause  and  Magas  (149)  studied  the  effects  of  adsorbed  ions  on  the 
catalytic  decomposition  of  hydrogen  peroxide  by  lead  hydroxide  Fb(OH)a  at 
37*.  Cu(ll)  and  Mn(H)  ions  promote  the  activity,  whereas  Ag(I),  Hg(Q), 

Mg (II),  Zn(II),  Fe(UZ),  and  Pb(IH)  ions  have  no  effect.  Activity  is  inhibited 
by  Ni(II),  Co(Il),  and  UOa*+  .  Cu(XI)  was  said  to  be  adsorbed  on  Pb(OH)a 
as  CuO,  which  participated  in  a  cyclic  reaction: 

(1)  2 CuO  +  HaOi  -  CuaO  +  HaO  +  Oa 

(2)  CujO  +  HjOi  -  2 CuO  +  HaO 

The  results  indicated  that  the  reaction  was  first  order  with  an  activation 
energy  of  about  18  kcal/mole  in  all  cases. 

The  "super additive"  activity  of  mixtures  of  several  amphoteric  metal 
hydroxides  in  the  decomposition  of  hydrogen  peroxide  was  studied  by  Krause 
(151).  Mixtures  of  100  mg  Ni(OH)a  with  1  mg  of  either  CuO,  ortho  Fe(OH)j, 
or  Co(OH)a,  were  inactive  as  catalysts  at  37 *,  However,  mixtures  of  100 
mg  Nl(OH)a  with  1  mg  of  Mg(OH)a  or  Mn(OH)a  were  very  active.  Also,  a 
mixture  of  PbO'i  H*0  with  CuO  and  Mn(OH)a  was  inactive,  but  a  mixture  of 
PbO’i  H|0  and  Mg(OH)a  was  extremely  active.  Direct  mechanical  mixing 
of  Fe(OH)a  with  Mg(OH)a  gave  an  inactive  catalyst  in  peroxidative  HCOOH 
oxidation,  but  the  same  mixture  was  active  when  the  two  hydroxides  were 
melted  together. 


SECTION  vn. 

NITROGEN,  PHOSPHORUS,  ARSENIC,  ANTIMONY,  BISMUTH 


1.  PHOSPHORUS 


•  Krause  (153)  examined  insoluble  phosphates  as  carriers  of  adsorbed 
ions  for  the  catalytic  decomposition  of  200  cc  of  0.  3  per  cent  hydrogen 
peroxide.  MgsPiOr  (0. 1  gram)  reduced  the  activities  of  most  ions,  including 
the  ordinarily  active  Fe(II)  and  FefCN)*4".  Cu(II)  ions  at  greater  than  10*4 
gram  remained  active.  MgNHjPCV  6HjO  inhibited  the  activity  of  Co(U) 
ions  below  10"4  gram.  The  following  ion  mixtures  gave  active  catalysts; 
Cu(U)+  Mn(H),  Cu(n)+Co(U),  and  Fe(U)  + Al(UI)  +  Fe(CN)*4*. 


2.  ANTIMONY 

■  Clopp  and  Parravano  (35)  attempted  to  correlate  the  kinetics  of 
catalytic  hydrogen  peroxide  decomposition  with  changes  in  the  electronic 
structures  of  antimony  alloys  containing  gallium  and  indium.  Measure* 
ments  of  electrical  properties  and  calculated  activation  energies  supported 
the  theory  that  electron  availability  for  bond  formation  between  the  adsorbate 
and  the  conducting  surface  depends  on  the  electronic  properties  of  the  sur* 
face. 

3.  BISMUTH 

Krause  and  Urbonowicz  (191)  found  that  a  hydrous  oxide  of  bismuth 
gave  various  catalytic  decomposition  rates  for  the  hydrogen  peroxide,  even 
though  the  test  samples  of  catalyst  had  been  prepared  by  ostensibly  identi* 
cal  procedures.  All  the  catalysts  were  shown  to  have  the  same  composition, 
by  x-ray  measurements.  The  most  effective  catalysts  were 
found  to  have  malformed  lattice  planes  in  the  crystalline  structure. 

Yadava  and  Ghosh  (372)  compared  the  catalytic  activities  of  hydrous 
hismuth  oxides  prepared  by  adding  (1)  10  per  cent  excess,  (2)  equivalent, 
or  (3)  10  per  cent  deficient,  amounts  of  sodium  hydroxide  to  acid  B1(NOj)j 
solutions.  The  order  of  activity  was  (.')>  (2}>  (3),  with  (3)  practically 
inactive.  The  reactions  were  first  order  except  in  concentrated  HP*,  for 
which  the  rate  constant  first  decreased  before  it  leveled  off.  The  mecha¬ 
nism  is  described  as  the  formation  of  a  Bi(OH)j*HjO  adsorption  complex, 
which  decomposes  to  OH  radicals  and  then  induces  cyclic  decomposition  of 
H{0|.  Bismuth  oxidizes  from  Bi(m)  to  unstable  Bi(IV)  in  the  process. 

Shnshunov  and  Fedyakova  (323)  examined  the  kinetics  of  hydrogen 
peroxide  decomposition  by  various  metals  and  alloys,  The  technique  in¬ 
volved  immersion  of  a  cylinder  of  the  catalyst  in  5  to  25  per  cent  HjO] 
solutions.  Ths  activation  energy  proved  to  be  independent  of  the  HjPj 
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concentration,  and  the  large  magnitude  of  the  energy  indicated  that  true 
chemical  ratee,  not  diffusion  rate*,  were  measured.  Over  the  range  30 
to  60*,  activation  energiea  were  15,600  cal/mole  for  bismuth,  9000  for 
tin,  9200  for  cadmium,  and  8200  for  antimony.  In  biamuth-tin  alloys  the 
activation  energy  varied  with  concentration,  and  had  no  one  single  value. 
In  cadmium -bismuth  alloya  a  minimum  activation  energy  dfabout  6000 
cal/mole  was  obtained  for  the  composition  CdSb.  It  was  concluded  that 
eutectics  cannot,  but  compounds  can.  be  detected  by  the  catalytic  activity 
of  an  alloy. 
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SECTION  vin. 


TITANIUM,  ZIRCONIUM,  HAFNIUM 


1.  TITANIUM  ;; 

.-*’*X*“  Torkar  (342)  da^lopod  *  relationehAp  between  adaorption  meaaure* 
manta ,  gt.  permeability,'  and  catalytic  activity  toward*  HP*  decompoaition 
of  powdered  titanium' dioxide  (rutile). 


SECTION  X 


CHROMIUM,  MOLYBDENUM,  TUNGSTEN 


1.  CHROMIUM 

The  chemical,  electrical,  and  catalytic  pro  parties  of  calcined  chromic 
oxide  gels  were  investigated  by  Deren  and  others  (49).  The  results  showed 
that  an  amorphous  monohydrate  forms  at  280-360*.  Oxidation  occurs  with 
dehydration  and  increases  with  annealing  temperature.  The  O/Cr  ratio 
is  a  maximum  of  2  at  350*,  and  aexivalent  chromium  ions  produce  an  excess 
charge  at  the  surface.  CrjO)  crystallized  at  400*  and  there  was  no  further 
oxidation  with  temperature  increases.  Adding  magnesium  increased  the 
excess  charge  in  CrjO».  The  oxide  decomposed  HjOj  by  a  first-order 
reaction,  and  by  a  manner  which  indicates  that  the  rate  constant  and  fre¬ 
quency  factor  may  correlate  with  surface  concentrations  of  sexivalent 
chromium. 

In  a  later  paper  Deren  and  Haber  (50)  investigated  the  thermal 
behavior  of  CrjOj  oxide  gels  containing  magnesium  and  titanium  hydroxides 
as  doping  'agents.  Magnesium  increased  the  surface  concentration  of  Cr(VI) 
ions  in  the  thermal  treatment,  but  titanium  decreased  it.  The  specific 
rate  constants  in  hydrogen  peroxide  decomposition  could  be  closely  corre¬ 
lated  with  the  surface  concentrations  of  Cr(Vl)  ions.  Tht  activity  of  Cr(VI) 
active  center*  wae  found  not  to  depend  on  the  type  or  amount  of  doping  agent, 
but  tho  activity  did  decrease  slightly  at  higher  annealing  temperatures. 

Alekseevsksys  and  othsrs  (4)  found  that  the  catalytic  decomposition 
of  hydrogsn  peroxide  by  Cr(OH)j  and  its  dehydration  products  depended 
markedly  cn  the  conditions  of  thermal  treatment.  Heating  Cr(OH)j  liberates 
water  up  to  170*.  At  320*,  the  compound  changes  from  amorphous  to 
crystalline.  The  specific  surface  increase*  with  temperature  to  200*, 
where  it  is  a  maximum,  and  declines  at  highs r  temperatures.  The  rate 
at  which  H£>|  Is  decomposed  declines  with  higher  temperatures  of  thermal 
treatment,  with  the  exception  that  the  highest  activity  results  when  Cr(OH)t 
la  heated  to  300*,  evidently  because  of  crystallization. 

-  ■  htatsunaga  (258)  studied  the  effect  of  chromium  oxide  treated  in  an 
oxidising  atmosphere  on  the  decomposition  of  hydrogen  peroxide.  The 
oxygen  content  of  CraO|  .was  lnexc:??d  above  the  stoichiometric  amount  by 
heating  the  oxide  in  oxygen  at  250*,  350*,  and  450*.  Ths  products  had 
0,  34  to  2, 83  meq  Oa/gram  catalyst,  which  gives  a  mean  oxidation  number 
for  chromium  of  3.12  u  5.65.  Results  from  decompositions  of  30  per 
cent  Hfii  at  25*  indicated  that  rates  were  constant  for  a  constant  oxygen 
content  of  the  catalyst,  regardless  of  chromium  oxidation  number.  Activity 
waa  ascribed  principally  to  chromic  anhydride,  which  forms  on  the  catalyst 
ewtec*  under  the  conditions  of  thess  experiments 


California  Research  Gorp.  (33)  obtained  a  British  patent  in  1963 
covering  a  process  for  rejuvenating  a  spent,  chromia -on-alumina  catalyst 
that  can  be  used  to  decompose  hydrogen,  peroxide.  The  treatment  involves 
heating  the  catalyst  at  150-1500*F  in  air  (or  oxygen)  for  4  to  40  hours.  The 
catalyst  contains  3  to  40  per  cent  of  chromia  and  may  also  contain  up  to  3 
per  cent  of  alkali  metal  oxides. 

Volta  and  Weller  (3S6)  found  that  the  catalytic  activity  of  oxidised 
(500*)  chromia  and  chromia -alumina  catalysts  are  related  to  the  quantity 
of  excess  surface  oxygen,  which  in  turn  can  be  related  to  pH  and  titratable 
acidity.  The  same  investigators  (357)  also  found  that  the  presence  of  potas¬ 
sium  increases  the  surface  oxidation  of  chromia  and  stabilises  it  against 
reduction.  The  activity  in  hydrogen  peroxide  is  also  enhanced.  The  form¬ 
ation  of  potassium  chromates  is  suggested  as  an  explanation  for  the  results. 

The  effect  of  nuclear  radiation  on  oxygen  chemisorption  by  CrjjO), 
CrjOj-AJjOj,  and  Cr|OjrSaOa  catalysts,  and  the  effect  of  tho  treatment  on 
the  rate  of  hydrogen  peroxide  decomposition  were  studied  by  Nachman  and 
others  (274).  Radiation  promoted  chemisorption,  even  at  temperatures 
where  it  is  not  normally  observed.  Both  chemisorption  and  activity  increased 
with  the  degree  of  dispersion  of  CrjO)  in  the  mixed  catalyst.  For  this 
reason,  radio -chemisorption  is  said  to  result  from  the  action  of  x-rays  and 
fast  neutrons  on  the  gas. 

2.  MOLYBDENUM 

Nikolaev  and  Askadsldi  (285)  studied  the  effect  of  low-frequency  ultra¬ 
sonic  waves  on  the  catalytic  activities  of  (NH^tMoO*,  P*0|24MoOj*xHjP, 
and  SiO|  gel  in  hydrogen  peroxide.  Ultrasonic  promotion  occurred  in  all 
cases.  Control  experiments  showed  that  the  rate  increased  was  not  a  result 
of  increased  surface  area  or  increased  temperatures  during  the  treatment. 

The  activity  increase  is  presumed  to  result  from  mechanical  comminution. 

3.  TUNGSTEN 

*» 

Kreimer  and  others  (204)  measured  the  rate  of  catalytic  decomposition 
of  hydrogen  peroxide  at  25*  by  samples  of  tungsten  and  tungsten  carbide  pre¬ 
pared  under  various  conditions  of  reduction  and  thermal  treatment.  In  both 
cases,  the  initial  octivity  fell  off  rapidly.  For  tungsten  it  fell  nearly  to 
sero  in  25  minutes,  and  for  the  carbide  it  fell  to  a  constant  level  in  10  to  15 
minutes.  Tbngsten  samples  liberated  from  7  to  59  ml  of  oxygen/gram/min 
and  tungsten  carbide  samples  liberated  from  0. 57  to  2.  7  ml  of  oxygen/gram/ 
min  during  the  periods  of  highest  activity.  One  tungsten  sample  gave  a  low 
activation  energy  of  3811  calories  between  20  and  35*. 
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SECTION  XI 


MANGANESE,  TECHNETIUM,  RHENIUM 


1.  MANGANESE 

'  Fiaher  and  Zeilberger  (58)  described  the  development  of  apecial 
eatalyeta  that  overcome  tbe  problem  of  mechanical  disintegration  observed 
with  once  widely  used  manganese  dioxide  pellets. 

Composite  catalysts  of  the  oxides  of  manganese,  iron,  copper,  and 
silver  are  compacted  to  pellets  and  sintered  at  high  temperature  to  form 
hard  and  porous  lumps.  Catalytic  activity  can  be  improved  by  impregnating 
the  catalysts  with  various  solutions,  such  as  potassium  permanganate.  A 
similar  type  of  catalyst  is  prepared  by  impregnating  lumps  of  porous  rilicon 
carbide  with  calcium  permanganate,  then  firing  them  to  convert  the  perman- 
ganate  to  calcium  and  manganese  oxides. 

It  is  stated  that  pellet-type  catalysts  are  suitable  for  HjQj  concentra¬ 
tions  up  to  about  80  per  cent.  Above  that,  more  active  catalysts  are  needed. 

Several  materials  are  useful  as  base  screens  for  silver  catalystx. 
Below  a  hydrogen  peroxide  concentration  of  90  per  cent,  cartridge  brass 
(70  Cu,  30  Zn)  can  be  used.  The  copper-silver  eutectic  that  can  form  in 
this  catalyst  melts  at  1435*F.  Iron  screens  can  be  used,  but  plated  metals 
are  seldom  adherent,  and  porosity  leads  to  rusting.  Stainless  steel  elimi¬ 
nates  corrosion,  but  it  requires  special  procedures  to  plate  well. 

It  was  also  reported  that  Rocketdyne  developed  a  new  catalyst  that  re¬ 
mains  strong  and  stable  above  1800*F,  and  can  therefore  be  used  for  decom¬ 
posing  hydrogen  peroxide  of  the  highest  strength.  It  is  described  ss  "a 
stainless  steel  screen  type  with  sn  active  ingredient  other  than  silver 
embedded  in  a  ceramic  coating."  It  is  cheaper  to  produce  than  silver 
screens  and  it  has  the  following  operational  characteristics:  (1)  stable  to 
1800*F,  (2)  retains  activity  after  repeated  exposures,  (3)  has  a  specific 
decomposition  rate  equal  to  or  greater  than  that  of  silver,  (4)  operates 
smoothly  without  pressure  drop  increases,  and  (5)  starts  efficiently  under 
full-flow  conditions  at  low  temperatures. 

Hart  and  others  (102)  carried  out  a  systematic  study  of  a  series  of 
oxides  es  catalysts  for  decomposing  hydrogen  peroxide  vapor  in  order  to 
determine  relative  activities  and  reactivity  in  relation  to  electronic  struc¬ 
tures.  A  nitrogen-gas  flow  system,  HjOj  up  to  1  mm  Hg  pressure,  and 
temperatures  of  38-184*  were  studied.  The  oxides  were  supported  on 
vacuum-flashed  metal  films  and  Specpure  metal  slips,  or  the  bulk  oxides 
wars  ussd  as  compressed  slips.  The  relative  activities  of  the  bulk  oxides 
were:  MnjO}>  PbO>  CoO/Co|Oj>  CuO>  FejO,>  CdO>ZnO»  MgO>o-AJiOj>glass. 


22 


Ths  order  corresponds  to  a  classification  by  defect  type.  Positions  of 
fsvored  electron  exchange  were  suggested  as  the  active  catalyst  sites. 

Such  positions  could  correspond  to  (1)  trapped  excess  surface  electrons, 
and  (2)  electron  deficiencies  (or  p-holes)  held  either  at  a  surface  cation 
vacany,  at  an  impurity  or  excess  surface  anion,  or  at  an  impurity  of  a 
metal  having  lower  valency.  The  reaction  depends  on  a  cyclic  exchange 
of  electrons  between  the  oxide  surface  and  hydrogen  peroxide* 

Kart  and  Ross  (100)  evaluatsd  equimolar  mixtures  of  MagO)  with 
PbO,  ZnO.  and  NiO  as  decomposition  catalysts  for  hydrogen  peroxide  vapor. 
PbO  •  MnjOj  formed  the  most  active  mixture.  The  rate  wae  alao  found  to 
increaae  with  sintering  temperatures  up  to  a  maximum  at  600*.  NiO-MniOj 
mixtures  were  inhomogeneous  below  a  sintering  temperature  of  600*,  but 
underwent  a  structural  change  st  760*.  probably  forming  a  solid  solution. 

Broughton  and  Wentworth  (30)  reported  that  hydrogen  peroxide  is 
not  decomposed  by  solutions  of  potassium  permanganate  or  manganous  sul* 
fats  until  base  is  added.  Upon  the  addition  of  base,  a  known  colloid  forms 
and  initiates  the  decomposition  of  llfit.  Quantitative  studies  on  the  amount 
of  bass  needed  to  start  the  reaction  end  data  from  tracer  studies  indicated 
that  the  decomposition  ). a  catalysed  by  an  alternate  oxidation  and  reduction 
of  manganese.  Oxidation  does  not  occur  until  tbs  solution  is  saturated  with 
Mn(OH)a. 

In  view  of  the  fact  that  solid  MnO*  was  known  to  decompose  hydrogen 
'  peroxide  even  though  ths  bulk  solution  contains  no  manganous  ions,  Broughton 
and  Wentworth  (31)  examined  ths  behavior  of  MnO|  electrodes  to  determine 
whither  the  reaction  proceeded  by  the  same  mechanism  as  that  suggested 
above.  Potential  measurements  with  MnO|  electrodes  at  various  HjOj  and 
Mn(II)  ion  concentrations  gave  results  consistent  with  the  following  half- 
cell  reactions  as  controlling  the  potential:  MnO*  +  4H+  +  2e“-*Mn,+  +2HjO. 
The  solution  adjacent  to  the  electrode  was  saturated  with  Mn(OH)t>  even 
though  the  bulk  solution  wee  not,  as  evidenced  by  measurements  of  manga¬ 
nese  concentrations  in  H£)j  solutions  decomposing  in  contact  with  MnOj. 

A.  U.  S.  patent  assigned  to  Du  Pont  (363)  covers  s  manganese  dioxide 
catalyst  for  decomposing  hydrogen  peroxide.  Ths  two-stags  process  used 
to  prepare  the  catalyst  is  fairly  complicated: 

(1)  Manganese  metal  ie  cathodically  electro- 
deposited  on  an  iron  support,  using  graphite 
electrodes  and  a  plating  solution  of  basic 
manganous  acetate; 

(2)  Manganese  dioxide  is  cathodically  electro- 
deposited  on  the  manganese  surface,  using 
st*  si  anodes  in  an  electrolyte  solution  of 
potassium  carbonate  and  potassium  perman¬ 
ganate. 


Many  variations  in  the  electrolysis  conditions  and  the  composition  of  electro  - 
lytea  are  used  to  prepare  suitable  catalysts  and  to  optimize  the  catalyst 
for  maximum  rate  of  decomposition  of  hydrogen  peroxide. 

Broughton  and  others  (245)  used  radioactive  manganese  as  a  tracer 
to  study  the  catalytic  decomposition  of  hydrogen  peroxide  by  MnOf  The 
results  indicated  that  the  reaction  was  an  alternate  reduction  and  oxidation. 
Experiments  to  determine  the  relative  amounts  of  KOH  and  manganese  salt 
needed  to  initiate  the  decomposition  indicated  that  reoxidation  of  manganous 
ion  does  not  occur  until  the  solution  is  saturated  with  Mn(OH)a.  Free  energy 
calculations  indicated  that  the  oxidation  is  favorable  even  at  very  low  Mn(ll) 
concentrations. 

The  same  investigators  further  studied  the  mechanism  of  the  cata- 
lytic  decomposition  of  hydrogen  peroxide  by  manganese  dioxide  (247). 

The  electrode  potential  of  MnOj-coated  manganese  rods  in  distilled  hydrogen 
peroxide  solutions  was  measured  as  a  function  of  the  concentrations  of 
HjOj,  H+  ,  and  Mn(Ill  and  of  the  speed  of  rotation  of  the  rod.  Another 
series  of  tests  was  made  to  measure  the  change  in  manganese  concentra- 
tion  in  distilled  H|Oj  solutions,  and  the  decomposition  in  contact  with  MnOj 
surfaces.  It  was  found  that  under  certain  conditions  manganese  leaves  the 
solution  and  deposits  on  the  MnOj  surface.  Attempts  to  measure  the  rate 
of  decomposition  of  distilled  K|0}  on  stationary  and  rotating  MnOt  surfaces 
gave  non-reproducible  results. 

Mooi  and  Selwood  (267)  studied  the  catalytic  decomposition  of  hydro¬ 
gen  peroxide  by  manganese  oxide*  supported  on  powdered  y  -AljOj.  To 
prepare  the  catalysts,  AljOj  was  immersed  in  Mn(NOj)a  solution,  dried, 
and  ignited  at  200*.  Each  catalyst  contained  4.  60  mg  of  manganese.  Maxi¬ 
mum  catalytic  activity  occurred  when  3  to  4  per  cent  of  manganese  at  an 
average  oxidation  state  of  3.  6  was  used.  The  proposed  mechanism  requires 
the  presence  of  both  Mn(Ql)  and  Mn(IV)  ions.  H*0| accepts  an  electron  from 
Mn(XH)  ion  to  yield  a  hydroxide  ion  and  a  hydroxyl  radical.  Hydroxide  ion 
then  donates  an  electron  to  an  Mn(lV)  ion,  which  then  tranfsra  it  back  to 
the  Mn(lQ)  ion  that  initially  carried  a  +3  charge, 

Mooi  and  Selwood  (268)  later  studied  the  decomposition  of  dilute 
aqueous  solutions  of  hydrogen  peroxide  on  supported  msnganese  oxides. 
Activity  increased  regularly  with  decreasing  manganese  concentration,  but 
dropped  sharply  when  the  manganese  "oncentration  was  very  low.  The 
effects  of  oxidation  state,  pH,  support  phase  modification,  and  temperature 
were  studied  sdso.  The  suggested  mechanism  was  a  cyclic  redox  reaction 
involving  Mn(lH)  and  Mn(IV). 

Wang  (359)  carried  out  calculations  that  showed  in  catalysis  of  liquids 
involving  only  small  molecules  or  ions,  the  catalysis  rate  is  not  diffusion- 
controlled.  The  fact  that  experiments  have  shown  that  the  decomposition  of 
hydrogen  peroxide  by  MnOa  results  in  O1'  enrichment  of  the  oxygen  gas 
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formed  suggest*  that  the  rate  laws  of  both  heterogeneous  and  homogeneous 
decomposition  can  fit  within  one  formulation.  Wang  states  that  in  the  case 
of  homogeneous  catalysis  in  liquids  of  only  small  molecules  or  ions,  stirring 
would  not  affect  the  rate  even  if  the  reaction  rate  were  diffusion* controlled. 

Wolfram  (369)  prepared  MnOi  sols  from  KMn04  using  three  reduc¬ 
tion  methods  (1)  by  oxalic  acid,  (2)  by  gelatin,  and  (3)  by  H^Oj.  All  three 
gave  sola  of  different  eatalystic  activities,  Tliat  produced  by  reduction 
with  HjOa  was  the  most  active  sol  in  the  decomposition  of  hydrogen  peroxide. 
None  of  the  reactions  was  first  order.  Adding  gelatin  had  no  effect  on 
decreased  activity  of  aged  catalyst. 

Wolfram  (370)  also  report*.  J  that  the  decomposition  of  hydrogen  per¬ 
oxide  on  MmOj  powders  did  follow  first-order  kinetics.  The  rate  constants 
increased  with  the  degree  of  powder  dispel  sion,  but  in  all  cases  they  were 
considerably  lower  than  those  determined  for  MnO|  sol  or  gels. 

Muraki  and  others  (271)  used  an  electrochemical  method  for  decom¬ 
posing  hydrogen  peroxide  by  manganese  dioxide  as  a  basis  for  estimating 
the  quality  of  the  dioxide.  The  capacity  of  the  catalyst  for  decomposing 
hydrogen  peroxide  could  be  related  to  the  discharging  capacity  of  the  catalyst. 
Ammonium  chloride  solutions  used  in  these  experiments  evidently  promoted 
the  catalytic  reaction.  Zinc  chloride  acted  as  an  inhibitor. 

Nine  active  and  inactive  samples  of  manganese  dioxide  were  studied 
by  Amiel  and  others  (5)  in  an  attempt  to  correlate  catalytic  activity  with 
depolarising  properties.  It  was  found  in  general  that  increases  in  activity 
was  accompanied  by  increases  in  depolarising  ability  and  magnetic  suscep¬ 
tibility. 


Grdguss  and  Grdguss  (95)  examined  the  effects  of  ultrasonic  vibra¬ 
tions  on  the  catalytic  activity  of  MnO*  gels  and  suspensions  in  the  catalytic 
decomposition  of  hydrogen  peroxide.  A  frequency  of  875  kilocycles  in- 
creassd  the  Initial  rate  of  decomposition,  and  the  degree  of  dispersion  of 
the  catsdyst,  but  there  was  no  effect  on  the  time  required  for  total  decompo¬ 
sition  of  the  peroxide. 

The  effect  of  nuclear  radiation  on  the  catsdytic  properties  of  MnOj 
was  examined  by  Otwinowska  and  others  (286).  A  fast  neutron  flux,  the 
full  neutron  flux  of  a  reactor,  a  Co*9  y-ray  source,  and  an  accelerated  proton 
flux  were  ail  used  to  irradiate  the  catalyst.  Neutron  end  proton  irradiation 
doubled  the  rate  of  decomposition  of  hydrogen  peroxide  by  the  catalyst. 
Gamma  Irradiation  was  ineffective.  X-ray  diffraction  examination  of  the 
catalyats  showed  that  the  increased  activity  was  a  result  of  radiation- induced 
crystal  lattice  diumag*.  Such  lattice  changes  are  similar  to  those  induced 
by  heat  treatment. 

Krause  and  others  (151)  reported  that  Mn(H)  ions  adsorbed  onAl(OH)) 
strongly  accelerate  the  decomposition  of  aqueous  hydrogen  pnroxide. 
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SECTION  XU. 


IRON,  RUTHENIUM,  OSMIUM 


1.  IRON 

a.  Metallic  Iron  and  Iron  Alloy 

A  sensitive  method  for  examining  the  decomposition  of  hydrogen 
peroxide  vapor  on  metal  surfaces  was  devised  by  Roikh  and  others  (300). 

The  quantity  of  H|Q|  adsorbed  on  a  plate  suspended  over  the  solution  was 
determined  by  the  gain  in  weight.  The  quantity  of  H|Oj  desorbed  was  deter¬ 
mined  photographically.  On  magnesium,  aluminum,  and  iron,  the  amount 
of  HjO}  adsorbed  increased  with  the  partial  pressure  of  HjOg  aoove  the 
solution.  The  amount  was  1. 9  to  2.  9  times  higher  on  oxidised  surfaces. 

The  amount  adsorbed  on  roughened  surfaces  with  profile  heights  of  10.  3  to 
19.3  microns,  was  independent  of  the  roughness.  The  amount  of  HjOj 
decomposed  (adsorbed  minus  desorbed),  on  the  clean  surfaces  at  an  H*Oi 
partial  pressure  of  0. 158  mm  Hg,  was  91.  1,  9?.  1  and  99.  9  per  cent  for 
aluminum,  mangesium,  and  iron  respectively.  The  amount  decomposed 
decreased  with  pressure. 

In  a  1956  U.  S.  patont  assigned  to  North  American  Aviation,  Sherwood 
(320)  described  a  plated  steel  screen  for  hydrogen  peroxide  decomposition. 
The  steel  screen  is  cleaned  with  NaOH  and  HjS04  then  coated  electrolytically 
with  copper,  followed  by  a  thin  coat  of  iron.  The  washed  and  dried  screen 
is  dipped  in  AgNOj  and  HNOj,  drained,  and  dried.  The  performance  of 
the  screen  depends  on  the  reaction  products  of  AgNOj,  HNOj  and  the  iron 
coating. 


b.  Iron  Oxides  and  Hydroxides 

Krause  and  others  (170)  found  that  the  high  activity  of  a  catalyst 
containing  mixed  hydroxides  of  iron,  copper,  and  magnesium  in  the  ratios 
Fe:Cu:Mg  =»  1:0.  3:0.  22  was  increased  further  by  adsorbing  common  ions  on 
the  catalyst.  It  was  also  found  that  the  content  of  any  particular  component 
is  not  the  main  determinant  of  the  activity.  The  facts  led  to  the  conclusion 
that  exchange  reactions  take  place,  even  between  identical  atoms,  and  give 
riso  to  active  or  inactive  complexes.  The  results  are  used  to  explain  the 
fact  that  tun- ^  tat  a  ion  (WO**")  inhibits  strongly  the  oxidation  of  formic  acid 
by  the  mixed  catalyst,  but  it  does  not  inhibit  hydrogen  peroxide  decomposi¬ 
tion.  In  contrast  Al(QI)  ions  inhibit  the  decomposition  of  peroxide  but  not 
the  oxidation  of  the  acid. 

Gupta  and  Ghosh  (96)  studied  hydrous  ferric  oxides  as  catalysts  for 
decomposing  hydrogen  peroxide.  Three  modifications  of  the  oxides  were 
prepared  by  adding  basic  salts  and  alkali  to  FeCij  solutions:  (1)  FejOj 
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(yellow),  by  slow  precipitation  from  excess  Fed)  by  K1SG4  and  a  small 
amount  of  alkali;  (2)  Fe(OH)*  (rad),  by  precipitation  from  Fed}  by  equi¬ 
valent  amounts  of  NaOH;  and  (3)  a  brown  oxide,  by  precipitation  from 
Fed)  by  K)S04.  Red  (a-hydrsted)  FejOj  was  the  best  catalyst;  the  brown 
modification  was  next.  In  both  cases,  activity  declined  with  aging  of  the 
catalyst.  The  yellow  oxide  was  the  least  active  and  also  ?east  sensitive  to 
aging,  which  resembles  the  behavior  of  v«FejO».  Presumably,  activity  is 
proportional  to  both  the  amount  of  base  used  in  the  precipitation  and  to  the 
rate  of  precipitation. 

The  results  suggested  the  following  reaction  mechanism: 

0) 

(2) 

(3) 

(4) 

(5) 

Since  (1)  is  the  rate-determining  step,  and  the  concentration  of  OH  is  pro¬ 
portional  to  that  of  HjO|,  the  rate  for  the  over-all  reaction  can  be  expressed 
as  -dc/dte  k  [HjOj]1.  Aging  of  the  oxides  decreases  their  absorptive 
capabilities,  which  reduces  the  ease  with  which  OH  formation  can  be  initi¬ 
ated.  Experimental  results  indicate  that  the  reaction  then  tends  to  shift 
from  bimolecular  to  unimolecular. 

Constable  and  Pekin  (41)  measured  the  effect  of  pH  on  the  catalytic 
activity  of  ferric  hydroxide  in  the  heterogeneous  decomposition  of  hydrogen 
peroxide.  Rates  for  colloidal  Fe(OH))  at  pH  10.54  through  12.54  are  given 
byj  log  k*  0.  649-0.  270  (pH)  and  log  k»  3. 456-0.  560  (pH),  at42*and31* 
respectively.  The  apparent  heats  of  activation  for  the  unimolecular  reaction 
were  calculated  for  various  values  of  pH.  It  was  also  found  that  the  same 
types  of  measurements  could  be  used  to  relate  concentrations  to  rate  con¬ 
stants  for  various  catalytic  poisons  st  different  values  of  pH  (42).  Poisons 
included  p-nitrophenol,  iodine,  bromine,  and  sodium  sulfide. 

The  decomposition  of  hydrogen  peroxide  on  ferric  hydroxide  prepared 
by  precipitation  with  N&OH  from  an  FeCl)  solution  was  examined  by  Ghosh 
and  Ghosh  (89).  The  activities  of  catalysts  precipitated  at  three  concen¬ 
trations  of  NaOH  were  found  to  have  the  following  order;  (1)  5  per  cent 
excess  NaOH>(2)  equivalent  amount  of  NaOH>  (3)5  per  cent  deficient 
amount  of  NaOH.  Evidence  indicated  that  the  decomposition  follows  a 
unimolecular  law  at  H*0|  concentrations  above  0.  05  N.  However,  the 
order  increases  as  HjO)  concentration  decreases,  particularly  at  high 
temperatures  and  at  extremely  dilute  concentrations.  A  mechanism  for 


Fe*+  +  HjjO) 

a 

Fe(OH),+  +  OH  (Fe  becomes  quadrivalent) 

OH  +  H1O1 

a 

H0)+  HjO 

HO*  +  H*Oi 

3 

HjO  +OH  +  0* 

a 

Fa*  +OH 

■ 

Fe(OH)*+  1 

>  chain-breaking  reactions. 

OH  +OH 

a 

Hpi  I 
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the  reaction  is  suggested.  _ _ 

Simon  and  Guenzler  (325)  investigated  the  catalytic  decomposition 
of  hydrogen  peroxide  by  y-Fe*03  prepared  by  oxidising  a  synthetic  magnetite 
the  presence  of  water  and  (2)  after  previous  drying.  Catalyst  (2)  had 
the  greater  activity.  The  difference  is  attributed  to  changes  in  in 

the  drying  step  rather  than  to  any  specific  affect  of  the  water  present  during 
oxidation. 

Krause  and  Binkdwna  (161)  examined  the  relation  between  catalytic 
activity  and  surface  area  for  the  hydrogen  peroxide  decomposition  catalysts 
Fe(OH)},  y-FeO(OH)  and  a-FejOj*  HjO  (goethite).  Fe(OH)j  gave  the  highest 
activity,  and  goethite  the  lowest,  even  though  the  surface  areas  were  in 
the  respective  ratios  of  5. 15:10.  6:13.  3.  The  fact  that  there  was  no  rela¬ 
tion  between  activity  and  surface  area  led  to  the  conclusion  that  activity 
depends  on  the  number  of  active  centers,  or  OH  groups,  which  is  greatest 
for  Fe(OH)j.  Activity  can  be  increased  by  increasing  surface  area  only  if 
the  catalyst  has  a  high  density  of  active  centers. 

Krause  and  Olcjnik  (160)  reported  that  cooling  y-FeO(OH)  and  amor¬ 
phous  ortho -and  isoorthoferric  hydroxides  to  liquid  air  tsmperatures 
reduced  the  apparent  densities  and  increased  their  rates  of  decomposition 
of  hydrogen  peroxide  at  37 *C. 

The  decomposition  of  hydrogen  peroxide  by  colloidal  iron(Xll) 
hydroxide  and  ferrites  was  investigated  by  Krause  (176).  A  hydrogel 
prepared  by  peptizing  catalytically  active,  air-dried,  amorpboue  lron(Hl) 
hydroxide  catalyzed  the  decomposition.  Goethite  (a-FejOj*  was 
Inactive  as  either  gel  or  colloid,  but  it  could  be  activated  when  partially 
dehydrated  at  250-300*.  A  suggested  mechanism  provides  ar.  alternative 
to  that  suggested  by  Schwab  and  Kraut  (il2)  for  ferrites. 

Krause  and  Rychlcwska  (199)  studied  the  decomposition  of  hydrogen 
peroxide  by  orthchydroxide  and  polyorthohydroxide  sols  of  iron(lXI)  hydrox¬ 
ide  at  27  and  37*.  The  two  hydroxides  were  prepared  from  FeClj  solutions 
using  complicated  procedures.  The  polyorthohydroxide  was  the  better 
catalyst.  It  also  had  a  larger  particle  size  and  strongly  adsorbed  HjPj. 

It  was  concluded  that  the  polyorthohydroxide  had  mors  active  OH  groups 
for  deforming  chemisorbed  peroxide,  leading  to  HO  and  BO*  radicals, 
which  then  act  as  acceptor  catalysts  that  decompose  the  peroxide  by  a 
complex  mechanism. 

Zaprometov  and  Shpilevs  Itaya  (375)  studied  the  catalytic  activity  of 
ferrieilie*fi  geia-in  hydrogen  peroxide  decomposition.  Gels  were  formed 
from  mixe’d  sodium  silicate  and  FeClj,  Fc(NOj)j,  and  ammonium  ferric 
alum  solutions,  digested  for  3  days,  dried  (70,  100,  130*),  ground,  washed, 
and  finally  redried  (100*).  Silica  gels  alone,  and  mechanical  mixtures  of 
silica  gel  and  Fe(OH)j  were  also  studied.  The  differences  in  catalytic 


behavior  weirs  ascribed  to  different  microstructurea.  The  microstructuree 
la  turn  depend  on  the  nature  of  the  Iona  and  the  concentrations  of  reactants 
used  to  form  the  gels. 


Schwab  and  Kraut  (312)  studied  the  catalytic  decompositions  of 
hydrogen  peroxide  by  ferrites  with  spinel  structures.  Aqueous  suspensions 
of  FejO«.  ZnFe204,  MgFez04,  and  crystalline  mixtures  were  uaed  as  cata- 
lyste  in  0.  24  M  HjOj  at  20-80*.  The  decomposition  was  first  order  at  pH 
below  8  with  FejO^  ZnFej04,  Fej04-ZnFe*04  mixed  crystals,  and  Fej04- 
MgFej04  mixed  crystals  containing  up  to  .40  mola  per  cent  of  MgFo*D4. 
Activation  energies  were  10  to  18  kcal/mole,  and  decreased  with  increasing 
FetOj  content.  At  pH  8  to  10,  unbuffered  suspensions  of  MgO,  MgFejQ*, 
ZnFe-C^-MgFejO*  mixed  crystals,  and  Fej04-MgFajP4  mixed  crystals 
containing  greater  than  40  mole  per  cent  MgFej04,  gave  various  reaction 
orders,  though  all  activation  energies  were  about  15  kcal/mole.  Suspen¬ 
sions  buffered  by  NHiCl-NH^OH  at  pH  8  to  9  were  first  order  and  more 
rapid,  a  fact  ascribed  to  attack  of  the  buffer  by  HjOj.  The  reeult*  are 
consietent  with  a  reaction  in  which  the  rate -determining  etep  is  an  acceptor 
reaction  by  which  HjOj  takes  up  an  electron  from  /jctahe  dr  ally  surrounded 
Fe(U)  lone  in  the  ferrite,  resulting  in  an  OH  radical.  In  the  special  case 
Of  MgF«i04,  the  epinel  surface  is  hydrated  and  MgO  dissolves,  and  the 
increasing  pH  promotes  the  self-decomposition  of  HjOj,  but  the  catalytic 
activity  of  Fe(II)  ions  at  the  hydrated  surface  is  reduced.  However,  the 
decomposition  may  be  catalyzed  by  the  hydration  ahell  itself.  In  these 
spinels,  the  catalytic  results  do  correlate  with  structures  and  specific 
electrical  conductivities. 

Trandafelov  (347)  found  that  the  rate  of  decomposition  of  hydrogen 
peroxide  by  ferric  sulfate  in  the  presence  of  cupric  and  hydrogen  ions  is 
a  function  of  the  concentration  of  colloidal  ferric  hydroxide.  Hydrolysis 
of  ferric  sulfate  by  long-term  storage  or  by  heating  (60*)  increases  its 
catalytic  activity.  Heating  at  90*,  however,  caused  coagulation  and  a 
decrease  in  activity.  The  effect  was  prevented  when  sulfuric  acid  was 
added.  Trandafelov  concludes  that  the  "ferrisulfate  modulus,"  SOj/Fepj, 
not  hydrogen  or  ferric  ions,  determines  the  rate  of  decomposition.  It 
is  pointed  out  that  although  cupric  ions  catalyse  the  decomposition  when 
adsorbed  on  colloidal  Fe(OH)j,  additional  cupric  ions  increase  the  rate 
'only  up  to  the  point  of  saturation. 

Shub  and  others  (322)  used  FejOj  as  a  semiconductor  sensitizer 
in  the  photodecompoeltion  of  hydrogen  peroxide.  Ultraviolet  light  and 
y -radiation  were  applied  to  FejOj  suspensions  in  concentrated  peroxide. 

The  greatly  increased  decomposition  rate  waa  attributed  to  the  absorption 
of  radiation  at  the  FojQ*,  surface,  followed  by  excitation  of  the  active  sites 
and  initiation  of  a  chain- reaction  decomposition  of  HjO|. 

Wawraycaek  (.361)  measured  the  influence  of  ultrasonic  vibrations  on 
the  catalytic  activityof  Fo(OH)j  in  the  decomposition  of  hydrogen  peroxide. 


For  frequencies  from  23  to  1000  kilocycles,  catalytic  activity  toward  1  per 
cent  HjOj  was  increased.  Heating  to  100  or  2Q0*C  eliminated  all  catalytic 
activity. 

Krause  and  others  (177)  found  that  infrared  irradiation  of  amorphous 
Fe(OH)j,  AIO(OH),  and  ZnO  increased  their  catalytic  activity  in  the  decom¬ 
position  of  hydrogen  peroxide  at  20*.  The  effect  was  observed  for  AIO(OH) 
and  ZnO,  however,  only  when  small  amounts  of  Co(H)  ions  were  added. 

c.  Catalytic  Activity  of  Mixtures  and  Adsorbed  Ions 

Krause  (138)  pointed  out  that  as  little  as  10",#  gram  of  Fe(OH)j 
actively  catalyzes  the  decomposition  of  hydrogen  peroxide  when  the  catalyst 
is  adsorbed  on  a  carrier  composed  of  Cu(OH)2  and  Co(OH)2.  It  is  suggested 
that  this  can  be  used  as  a  means  for  detecting  traces  of  ixon. 

Mixed  hydroxides  as  decomposition  catalysts  for  hydrogen  peroxide 
at  37*C  were  Investigated  by  Krause  and  Paweikiewict  (145).  The  rate  of 
decomposition  by  Ftj(OH)j*Mg(OH)2  was  increased  significantly  by  the  addi¬ 
tion  of  Co(OH)j  and  to  a  large  extent  by  the  addition  of  Cu(OH)2.  Neither 
Mn(OH)j  nor  Ce(OH),4  affected  the  rate.  Analysis  revealed  that  higher 
oxides  of  iron,  magnesium,  and  copper  formed  at  the  catalyst  surface. 

They  are  presumed  to  be  intermediates  in  the  decomposition  process. 

Krause  and  Lasiewicz  (166)  showed  that  the  small  catalytic  activity 
of  y-FeO(OH)  (18  per  cent  HjO)  toward  the  decomposition  of  hydrogen  per¬ 
oxide  is  greatly  increased  by  traces  of  Mn(12)  or  Mg(II)  ions  adsorbed  on 
the  surface.  Neither  Cu(Il)  nor  Co(IU)  gave  the  effect.  It  Is  suggested 
the  promotion  Involves  the  formation  of  metallic  ferrite  radicals  that  can 
lnitiatq  a  chain  reaction. 

Krause  and  Tur^jwska  (167)  observed  that  AgjO  activates  a  catalyst 
prepared  by  coprecipitation  of  iron  and  copper  hydroxides,  oven  though 
AgjO  itself  is  inactive  at  37*.  A  mixed  catalyst  containing  1  Fe:-iCu:^  Ag 
was  more  active  than  one  containing  1  Fes^Cu.  At  a  higher  temperature 
of  70*,  or  at  higher  silver  contents,  Ag|0  inhibits  the  catalysis. 

Krause  and  Lesuchowska  (173)  found  that  the  activity  of  amorphous 
Fe(OH)j  In  the  decomposition  of  hydrogen  peroxide  increaaed  with  decreased 
particle  size.  Addition  of  Cu(ll)  ions  increased  the  activity  still  moro. 

The  mechanism  of  these  reactions  and  their  significance  for  the  action  of 
other  inorganic  catalysts  are  discussed. 

The  same  authors  (188)  later  studied  the  effect  of  adsorbed  ions 
over  the  catalytic  activities  of  four  iron  (IQ)  hydroxides  prspared  in  different 
manners  by  precipitation  from  ferric  nitrate  aolutions.  It  was  found  that 
Co(ll)  and  Mn(H)  ions  in  combination  promoted  the  decomposition  rate  with 
ortho-  and  isoorthohydroxides  and  decreased  the  rate  with  two  compositions 
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of  polyorthohydroxides.  Both  normal  and  promoted  activitlea  of  iron 
hydroxide  catalyst*  are  therefore  sensitive  to  the  method  of  preparation. 

The  catalytic  activity  of  small  quantities  of  Co(Il),  Hi(U),  and  Fe(H3) 
ions  adaorbed  on  carriers  was  examined  by  Krause  and  Wolski  (142), 

Traces  of  Co(12)  and  Ni(Q)  adsorbed  on  Ca(CN)j  were  active  catalyata- 
Concentrations  above  10'1  gm/liter  of  Fe(IZI)  ions  adsorbed  on  Fe(OH)j 
resulted  in  active  catalysts.  No  effect  is  observed  below  10"*  gm/liter, 
and  at  Intermediate  concentrations,  the  adsorbed  ion  acta  as  a  poison. 

This  deactivation  is  attributed  to  a  blocking  of  the  active  centers,  and  the 
activation  is  attributed  to  the  formation  of  unstable  complexes  on  the  carrier. 

d.  Iron  Cyano  Compounds 

Constable  and  Pekin  (38)  measured  the  effect  of  the  mass  of  catalytic 
iron  ferrocyanide  (Prussian  blue)  on  the  catalytic  decomposition  of  neutral 
hydrogen  peroxide.  The  reaction  mixture  waa  prepared  aa  colloidal'  dis¬ 
persions  of  the  powder  having  a  surface  area  of  2.  05  m2/gram.  It  wae 
found  that  reaction  rate  varlod  directly  with  catalyst  mass  for  0.  05-0.  30 
gram  of  powder  suspended  in  100  cc  of  HjOi  solution  at  20-50*.  The  heat 
of  activation  was  13,  380  cal/gram-mole.  Practically  the  same  result! 
were  found  when  farroun  ferrocyanide  (Turnbull’s  blue)  wae  used  to  decom¬ 
pose  hydrogen  peroxide  (39). 

Constable  and  Pekin  (40)  also  determined  the  effect  cf  dissolved 
nickel  and  copper  on  the  heterogeneous  catalytic  activity  of  iron  ferro¬ 
cyanide  in  the  decomposition  of  hydrogen  peroxide.  Both  ions  inhibited  the 
reaction  in  accordance  with  a  linear  relation  between  concentration  and  the 
rate  constant.  The  reaction  rate  constant  for  the  total  reaction  was  found 
to  be  the  sum  of  that  for  the  homogeneous  reaction  and  that  for  the  hetero¬ 
geneous  reaction. 

Lai  (213)  investigated  the  decomposition  of  hydrogen  peroxide  by 
potassium  ferrocyanide  illuminated  by  sunlight  and  by  artificial  light.  This 
catalyst  has  the  unusual  property  of  Increased  catalytic  activity  after  short 
exposures  to  light.  Lai  determined  the  effects  of  time  of  exposure  and  other 
parameters.  The  photoformation  of  K<[  Fe(CN)*]  *  HjO  as  the  reactive  species 
is  a  reversible  reaction.  A  mechanism  based  on  alternate  oxidation  and 
reduction  of  this  species  is  proposed. 

_  Pinter  and  Karas  (292)  found  that  mercuric  ions  activated  a  mixed 

KitKefCN)*]  -Kj[Fo(CN)j]  decomposition  catalyst  for  hydrogen  peroxide 
decomposition  in  a  manner  similar  to  the  activation  caused  by  exposure  of 
the  catalyst  to  light.  The  mercuric  ion  behaves  analogously  to  light  in  that 
the  decomposition  reaction  continues  after  the.mercuric  ion  has  besn 
removed  by  adsorption  on  casein. 
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2.  RUTHENIUM 

In  *  195?  British  patent  to  Laporte  Chemicals,  Banfield  and  Wood 
(12)  described  the  use  of  ruthenium  and  ruthenium  compounds,  alone  or  in 
mixtures  with  other  active  materials  or  inert  materials,  as  decomposition 
catalysts  for  hydrogen  peroxide  above  50  per  cent  concentrstion.  It  is 
stated  that  ruthenium  is  far  more  active  than  any  other  platinum  metal. 

The  reactivity  is  illustrated  by  an  experiment  in  which  0.  0001  mg  per  liter 
of  Ru  in  the  form  of  (NHJjRuClt  released  2.  9  ml  oxygen  per  minute  from 
25  ml  of  85  per  cent  H|0*  at  100*. 
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SECTION  XHL 

COBALT,  RHODIUM,  IRIDIUM 


1.  COBALT 

».  Metallic  Cobalt  and  Cobalt  Alloy 

In  1947,  It  bin  and  Thompson  (251)  issued  a  report  on  Navy-sponsored 
raaearch  dealing  with  the  preparation  and  evaluation  of  impregnated-type 
catalyeta  for  hydrogen  peroxide  decomposition. 

The  catalysts  were  prepared  by  impregnating  a  number  of  different 
kinds  of  caulyst  carriers  with  solutions  of  calcium  permanganate  and  the 
nitrates  of  manganese,  cobalt,  lead,  chromium,  silver,  nickel,  iron  and 
copper.  Following  the  deposition  of  the  catalysts  on  the  carriers,  the 
materials  were  evaluated  in  an  atmospheric  flow  system  with  a  48  per  cent 
peroxide  solution. 

The  catalyst  with  the  highest  activity  was  a  cobalt-lead  deposit  on 
a  porous  carborundum  carrier.  From  the  standpoint  of  high  sustained 
activity  (one  showing  less  decline  with  peroxide  throughput),  a  German 
carrier  impregnated  in  Ca(Mn04)a  was  the  best,  even  though  the  similar 
German  catalyst,  Katalysatoreteine  MP-14,  exhibited  a  rapid  decline  in 
activity.  One  platinum  catalyst  deposited  on  porous  Aloxite  was  also  found 
to  have  a  long  life  at  high  activity. 

Manganese  catalysts  (10 rm  of  deposit  unspecified)  were  best  pre¬ 
pared  from  concentrated  calcium  permanganate  solutions,  using  such 
carriers  as  the  German  porous  stone,  pumice  (bulk)  and  porous  carborundum. 

Several  promoted  catalysts  were  prepared  from  mixed  nitrate  solu¬ 
tions  of  two  metals.  Silver  catalysts  were  improved  by  the  presence  of 
copper,  chromium,  or  nickel;  manganese  by  lead  or  silver;  and  lead  by 
cobalt  or  chromium.  The  most  promising  combination  waa  cobalt-lead,  in 
which  the  activation  of  the  cobalt  arises  from  the  presence  of  Fb(NO|)j. 
Mechanical  mixture  of  the  separately  impregnated  pellets  also  produced 
co -activation,  indicating  various  poseibilites  for  combinations.  Several 
commercial  catalyata  were  also  evaluated  in  the  program. 

Broughton  and  other*  (252)  studied  the  mechanism  of  catalytic 
decomposition  of  hydrogen  peroxide  by  cobelt  metal  and  cobalt  compounds. 
The  results  indicated  that  the  reaction  does  not  involve  an  oxidation-reduc¬ 
tion  cycle  between  Go(H)  and  Co(H2)  ions,  but  it  may  involve  an  oxidation- 
reduction  between  Co(QI)  and  a  higher  oxide  (table  in  the  presence  ofHjOj. 

It  was  also  determined  that  colloidal  Co(OH)}  forma  before  catalysis  takes 
place,  Indicating  a  heterogeneous  decomposition  reaction.  There  was  also 
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evidence  that  the  reaction  involved  free  radicals. 


As  part  of  the  Navy  sponsored  project  "Bessie"  (Contract  Mobs- 
31494)  FMC  Corporation  (60)  developed  ceramic  or  fused-oxide  catalysts 
for  the  decomposition  of  98  per  cent  hydrogen  peroxide  and  for  sustained 
decomposition  of  90  per  cent  hydrogen  peroxide.  The  well-known  catalytic 
activity  of  manganese  dioxide  was  used  as  the  basis  for  formulating  new 
catalysts.  Mixtures  of  cobalt  metal  and  manganese  dioxide  were  found 
most  satisfactory,  Three  principal  formulations  were  developed: 


Catalvs*  50 

Catalyst  93 

Catalyst  113 

MnOy 

41.7% 

-- 

5.9% 

Fe,0, 

25.0 

•  m 

3.6 

CuO 

16.7 

m  m 

2.4 

Ca,(BO,), 

8.3 

m  m 

1.2 

Na»CO, 

8.3 

»  m 

1.2 

Co 

80.  0  % 

68.6 

NaCl  —  20.0  17.1 


It  was  found  that  additives  could  be  used  to  overcome  the  problem 
of  the  rapid  decline  in  catalytic  activity  of  MnOy  on  repeated  exposures  to 
high-strength  hydrogen  peroxide.  Added  cupric  oxide  gave  a  constant 
activity  through  repeated  tests  at  atmospheric  pressure.  Further  addition 
of  Fe^Dy  improved  both  the  strength  and  activity  of  the  catalyst,  Sodium 
carbonate  was  added  to  increase  the  porosity  with  the  liberation  of  CO* 
gas  during  sintering.  The  sodium  ion,  by  destabilisation,  also  improved 
the  starting  characteristics  of  the  catalyst.  Adding  small  amounts  of 
calcium  borate  lowered  the  normal  3000* F  fusion  temperature  of  the 
mixtures.  Catalyst  50  was  formulated  accordingly. 


Cobalt  metal  in  bulk  and  as  a  powder  decomposed  hydrogen  peroxide, 
but  with  poor  starting  characteristics  at  room  temperature.  Adding  sodium 
chloride  (cataiyat  93)  promoted  surface  porosity  and  reduced  the  fusion 
temperature  from  2700  to  2200*F.  Activity  also  increased  but  the  material 
waa  severely  oxidized  in  high  pressure  tests  with  peroxide. 

Catalyst  113  was  then  prepared  by  mixing  catalysts  50  (1  part)  and 
93  (6  parta).  This  formulation  had  high  activity  and  a  longer  active  life 
than  the  other  formulations.  It  was  also  mechanically  stronger.  Perforated 
discs  of  this  material  preseed  at  40,  000  psi,  were  tested  successfully  for 
10  hours  and  20  cold  starts  using  98  per  cent  hydrogen  peroxide  in  a  3-inch 


reactor  bad, 


The  kinetics  of  decomposition  of  hydrogen  peroxide  on  metallic 
cobalt  at  20-25*  was  investigated  by  Lopatkin  (236),  Twenty  milligrams  of 
cobalt  decomposed.  30  cc  of  0. 2N  H*Oj  in  11  minutes.  Activity  declined 
rapidly  after  the  first  7  minutes.  The  results  fit  a  relation  for  autocatalytic 
reactions!  dx/dt*  (1^  +  ktx)  (a-x),  where  a  is  the  volume  (cc)  of  oxygen 
liberated  by  total  decomposition,  x  is  the  oxygen  volume  at_t,  kg  is  the 
sintered  decomposition  rate  constant,  and  ki  is  a  constant. 

In  a  1957  U.S.  patent  assigned  to  North  American  Aviation,  Sherwood 
(321)  described  a  hydrogen  peroxide  decomposition  catalyst  consisting  of 
various  laminated  layers  of  cobalt  that  are  consumed  in  the  decomposition. 
The  catalyst  is  comprised  of  alternate  layers  of  plated,  porous,  metallic 
cobalt  and  an  activated  cobalt  prepared  by  immersing  the  screen  in  a 
solution  of  AgNOs,  HNOj,  and  a  soluble  cobalt  salt. 

Warnlund  and  Bente  (365),  of  Du  Pont,  obtained  a  1958  U.S.  patent 
covering  the  use  of  a  porous,  cobalt-plated  steel  screen  for  the  decomposi¬ 
tion  of  hydrogen  peroxide.  To  prepare  the  catalyet,  an  iron  or  steel  ecreen 
is  first  elsctroplated  with  copper,  then  used  in  a  electroplating  bath  with 
cobalt  anodes.  The  bath  it  a  solution  of  CoSOv  7Hj0,  (NH^jSO^  and 
enough  NH*OH  to  give  e  pH  of  7.  5.  Electroplating  is  carried  out  to  give  a 
coating  of  0.  007  inch  of  cobalt  The  final  coating  is  rough,  porous,  and 
lernlike.  Its  high  activity  can  be  increased  further  by  dipping  it  in  hydrogen 
peroxide  and  allowing  it  to  dry. 

b.  Cobalt  Oxides  and  Hydroxides 

Ghosh  and  Ghosh  (87)  found  that  the  rate  of  decomposition  of  hydro¬ 
gen  peroxide  in  the  presence  of  cobalt(IU)  oxide  was  first  order,  but  tended 
toward  second  order  at  low  concentrations.  The  order  also  increased  with 
temperature.  The  suggested  mechanism,  a  reduction-oxidation  cycle,  is 
similar  to  that  for  the  reaction  on  MnOi  catalyst. 

Zvorykin  and  Perel'man  (393)  evaluated  oxides  of  cobalt,  nickel, 
and  copper,  alone  and  in  mixtures,  as  catalysts  for  decomposing  hydrogen 
peroxide.  For  the  individual  oxide,  equimolar  quantities  of  a  cobalt  oxide, 
CuO,  and  NljO«  gave  decomposition  ratss  in  ths  respective  ratios  0.  013: 
1.20:0.029,  Various  ternary  and  binary  mixtures  were  studied,  but  only 
those  with  the  compositions  80Coi20Nl,  or  80Co:15Ni:5Cu  were  more 
active  than  tha  cobalt  oxide  alone.  Both  mixtures  gave  --faction  constants 
of  about  1.40  on  the  same  scale  as  the  ratios  mentioned. 

Th*  catalytic  decomposition  of  aqueous  solutions  of  hydrogen  per¬ 
oxide  at  37*  by  a  adzed -hydroxide  catalyst  composed  of  Cu(OH)t,  Mn(OH)*, 
and  Co(OH)j  uas  investigated  by  Krauae  and  Reyaner  (174).  Catalyata  were 
prepared  by  simultaneous  precipitation  using  NaOH  at  18*.  The  composition 


yielding  maximum  decomposition  rate  correaponded  to  the  respective  ratios 
1:5:19.  Krauae  reported  that  under  the  conditions  of  these  tests,  1  gram* 
atom  of  copper  decomposes  12  moles  of  HjOi  per  second. 

Krauae  and  others  (194)  studied  the  catalytic  activities  of  x~ray 
amorphous  Fe(OH)},  Co(OH)j,  and  CuO  in  the  decomposition  of  hydrogen 
peroxide  at  various  temperatures.  Co(OH)t  was  the  most  active  catalyst. 
Rates  in  terms  of  the  volume  of  0. 1  N  KMn04  consumed  in  the  analysis  art 
given.  Respective  temperature  coefficients  were  2.27,  2,27,  and  2.67; 
activation  energies  were  15.2,  15.3,  and  18.2  keal/mole. 

Mitsubishi  Edogawa  Chemical  Company  (106)  patented  solid  catalyst 
formulations  of  metal  oxides  useful  for  decomposing  hydrogen  peroxide.  A 
representative  catalyst  is  prepared  as  follows:  A  mixture  of  1.  50  parts 
PbO  and  8.  50  parts  CoOj  is  kneaded  with  an  aqueous  (5  per  cent)  soluble 
starch  solution,  then  granulated  and  tableted.  The  tablets  are  heated  from 
500  to  890*  for  20  minutes  and  at  890*  for  10  minutes,  then  cooled.  The 
following  oxide  mixtures  are  also  suitable  in  place  of  PbO  and  CoOj  (parts 
by  weight):  1.  0  PbO  and  9.  0  MnO*;  8.  0  MnO*.  1.  0  PbO,  and  1.  0  Ce*0,; 
and  8.0  MnOj,  1.0  PbO,  and  1.0  CoOj.  The  representative  catalyst  decom- 
posed  90  per  cent  hydrogen  peroxide  at  a  rate  of  2  kg/kg  catalyst/sec. 
Constant  pressure  was  reached  in  less  than  0.2  sec. 

A  1956  British  patent  by  Peers  (287)  describes  a  hydrogen  peroxide 
decomposition  catalyst  having  cobalt  or  a  similarly  active  oxide  (including 
MnO|,  alkali  permanganates,  or  chromates)  as  one  of  the  major  constituents. 
The  catalyst  consists  of  (1)  an  active  agent,  (2)  lead  oxide,  and  (3)  a 
refractory  cement.  The  lead  oxide  serves  as  a  binder  before  sintering  and 
a  filler  in  the  product.  In  a  typical  preparation  a  suspension  of  200  grams 
each  of  black  cobalt  oxide  and  PbO  in  120  cc  of  water,  and  100  grams  of 
Portland  cement  in  55  cc  of  water  or  in  30  per  cent  KOH  solution,  are 
mixed  and  allowed  to  harden.  The  product  is  ground  and  heated  to  900*  to 
fuse  the  lead  oxide. 

Peers  (288)  also  obtained  a  1956  British  patent  for  an  "oxidised" 
cobalt  metal  catalyst  useful  for  decomposing  concentrated  hydrogen  peroxide. 
Metallic  cobalt  ie  first  put  into  the  desired  form,  such  as  sheets,  wirs 
gauss,  or  electroplated  copper  gause,  then  oxidised  by  prolonged  immersion 
in  a  boiling  30-par  cent  solution  of  calcium  permanganate.  The  catalyst  is 
said  to  be  useful  in  thrust  units  or  engine  combustion  chambsrs, 

c.  Supported  Catalysts  and  Adsorbed  Ions  -  •  -  • 

Krause  and  Wolski  (152)  studied  the  catalytic  decomposition  of  aqueous 
hydrogen  peroxide  solutions  at  25*  using  Co(Il)  ions  and  Ni(H)  ions  supported 
on  a  carrier  consisting  of  a  1:1  mixture  of  Co(OH)a  and  Ni(OH)*.  The 
carriers  were  prepared  either  by  coprecipitation  or  by  mechanical  mixing. 
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la  the  cnee  of  the  coprecipitated  carrier,  Ni(II)  lone  were  without  effect  on 
catalytic  activity,  but  Co(II)  iona  made  the  catalyst  passive.  The  mechani¬ 
cally  mixed  carrier,  on  the  other  hand,  was  made  passive  by  Ni(Q)  iona, 
but  very  greatly  activated  by  Co(lZ)  ions. 

The  catalytic  activity  of  Co(ll)  iona  supported  on  various  basic  carriers 
in  the  decomposition  of  hydrogen  peroxide  was  considered  by  Krause  and 
Domka  (175).  Co(Q)  ions  adsorbed  on  Zn(OH)a  or  Al(OH)a  were  weakly 
catalytic,  but  Co(Il)  ions  adsorbed  on  Mg(OH)a  was  a  good  catalyst.  A 
catalyst  of  Co(Q)  ions  adsorbed  on  BaGOj  was  exceptional  in  that  it  was 
strongly  active.  The  phenomenon  is  believed  caused  by  the  formation  with 
BaOOj  of  an  imperfect  complex  with  the  properties  of  an  n-type  semicon¬ 
ductor. 


Kraure  and  Kukielka  (181)  pointed  out  that  adsorbed  ions  can  act 
either  homogeneously  or  heterogeneously  in  the  catalytic  decomposition  of 
hydrogen  peroxide.  Mn(Q)  ions  catalyze  the  decomposition  only  hetero¬ 
geneously  when  adsorbed  on  Mg(HCOj)a  or  Mg(OH)a.  Co(ll)  ions  are  active 
oither  heterogeneously  only,  as  on  TljOn  or  both  homogeneously  and  hetero¬ 
geneously,  as  on  Mg(HOO|)a  or  Mg(OH)a.  Cu(IX)  ionon  Fe*Oj  decomposes 
HCOOH  heterogeneously  only. 

Highly  active  catalysts  for  decomposing  hydrogen  peroxide  by  using 
Co(C)  ions  adsorbed  on  zinc  or  cadmium  carbonates  were  developed  by 
Krauao  and  Plura  (189).  The  zinc  carbonate  carrier  is  prepared  by  pre¬ 
cipitating  a  composition  of  the  formula  2ZnCoa»  3Zn(OH)a  from  a  mixture 
of  ZnS04  and  NaaGOj  solution.  The  cadmium  carbonate  carrier  was  pre¬ 
pared  by  precipitating  CdOOj  (containing  about  4  per  cent  of  H4O)  from  a 
mixture  of  Cd(NOa)a  and  NaaOOa  solutions.  The  catalysts  are  prepared  by 
moistening  the  carrier  with  CoCla  solution.  By  extrapolation  it  was  shown 
that  about  10"10  gram  of  Co(U)  ions  was  the  limiting  amount  that  provided 
an  active  catalyst.  At  that  concentration  Co(XX)  ions  on  CdCO»  carrier 
decomposed  at  least  80,  000  molecules  of  H|Oa  at  37*  according  to  a  first 
order  reaction.  Practically  the  same  results  were  obtained  for  a  zinc 
carbonate  support,  and  the  over-all  mechanism  behavior  is  the  same  as 
that  previously  reported  (177)  for  Co(H)  ion  on  MgOOj  carrier.  These 
results  demonstrate  that  inorganic  catalysts  can  be  obtained  with  activities 
as  high  as  those  of  biocatalysts. 

Krause  and  others  (203)  found  that  the  so-called  "catalytic  mutation" 
exists  for  the  ion  combination  of  Al*+  4-  Mo04a"  when  adsorbed  on  the  mixed 
carrier  Cd(OH)a/Co(OH)a  and  used  for  the  catalytic  decomposition  of  hydro¬ 
gen  peroxide.  Catalytic  mutation  refers  to  the  fact  that  the  catalytic  acti¬ 
vity  depends  on  the  order  of  adsorption  of  ths  ions.  In  this  case,  adsorption 
of  A1  ,  followed  by  adsorption  of  M0O41"  on  a  1:1  CdO:CoO  carrier  gave 
a  significantly  higher  reaction  rate  than  did  a  catalyst  made  by  reversing 
the  order  of  ion  adsorption  on  the  some  carrier. 
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Nikolaev  and  Kobozev  (280)  reported  that  C0SO4  and  NiS04,  either 
in  solution  or  adsorbed  on  aaheatoe,  AljOj,  BaSD4,  HgSnOj,  or  charcoal) 
do  not  greatly  accelerate  the  decomposition  of  dilute  hydrogen  peroxide. 
Adsorption  of  the  salts  (Co(ll)  and  Ni(XI)  ions)  on  silica  gel  did  increase  the 
rate  of  decomposition.  As  the  metal-to -silica  cation  ratio  increased,  the 
activity  of  Ni(Il)  passed  through  one  maxima,  and  the  activity  of  Co(ll) 
passed  through  two  maxima.  These  data  led  to  the  conclusion  that  the 
active  centers  ("ensembles")  contain  1  and  6  ions  in  the  case  of  Ni(Il),  and 
1,  3,  and  7  ions  in  the  case  of  Co(H). 


SECTION  XIV. 


NICKEL,  PALLADIUM,  PLATINUM 


1.  NICKEL 

a.  Metallic  Nickel  and  Nickel  Alloy 

The  catalytic  prop.rties  of  annealed  and  purified  nickel  wire  in  the 
decomposition  o  1  hydrogen  peroxide  were  evaluated  by  Uhara  and  others 

(351) .  The  teste  were  preceded  by  further  annealing  in  a  hydrogen  atmos- 
phere  over  two  temperature  ranges  to  determine  the  effects  of  annealing. 
Decomposition  of  30  per  cent  hydrogen  peroxide  was  carried  out  at  20*. 

The  rate  data  Indicated  that  annealing  at  300-400* C  produced  active  centers 
that  were  point  defects  at  the  surface.  The  point  defects  existed  and 
vanished  with  vacancies  in  the  bulk  metal.  Annealing  at  600-700*  was  said 
to  produce  active  centers  corresponding  to  terminations  of  dislocations  at 
the  surface.  Extended  cold-working  was  found  to  Increase  the  differences 
in  rate  obtained  for  the  two  ranges  of  annealing  temperatures. 

The  structure  of  active  center*  ir.  nickel  catalyst  was  investigated 

(352)  as  a  continuation  of  the  above  work.  The  changes  in  activity  of  cold- 
worked  nickel  resulting  from  annealing  at  various  temperatures  were  in 
accord  with  previous  conclusions  with  regard  to  the  effects  responsible  for 
the  existence  of  active  centers. 

In  a  study  designed  to  elucidate  the  mechanism  of  heterogeneous 
catalytic  decomposition  of  hydrogen  peroxide,  Schwab  (310)  determined  the 
activation  energies  of  a  series  of  catalysts.  The  catalysts  included  alloys 
of  nickel-copper,  gold-iron,  nickel-chromium,  spinels  of  zinc  and  magne¬ 
sium,  metallic  nickel  and  others,  Arrhenius  activation  energies  were 
determined  from  rate  measurements  and  theequationd  in  k/dT»EA/RTa. 
Schwab,  in  trying  to  relate  activation  energies  to  known  electronic  structures, 
concluded  that  "reactions  in  which  the  mechanism  of  the  catalyst  action 
involves  a  yielding  of  electrons  display  a  lower  energy  of  activation  with 
catalysts  deficient  in  electrons,  whereas  the  opposite  is  true  for  reactions 
In  which  the  mechanism  involves  acquisition  of  electrons." 

In  1961  Walter  Kidde  and  Company  (358)  undertook  a  laboratory 
program  aimed  at  a  systematic  understanding  of  decomposition  catalysts 
for  decomposing  hydrogen  peroxide  at  concentrations  up  to  98  per  cent. 

As  an  approach  to  correla'.ing  the  general  behavior  of  metals  and 
oxides  active  in  decomposing  HjOj,  atomic  diameters  were  plotted  against 
atomic  numbers  of  metals  that  are  active,  of  questionable  activity,  or 
Inactive.  A  straight  line  separated  the  active  from  the  non-active  metals. 
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A  second  straight  11ns,  parallel  to  the  first,  connected  the  points  cor  res* 
ponding  to  known  highly  active  catalysts  for  HjO*  decomposition.  The 
correlations  are  considered  useful  in  the  selection  of  new  catalysts,  but 
only  in  a  general  way.  Some  inconsistencies  make  experimental  evaluation 

essential. 

Nickel  and  Monel  screens  were  coated  with  nitrates  of  lead,  silver, 
manganese,  and  copper  in  various  formulations,  then  heated  at  high  tern* 
peratures.  The  purpose  of  heating  was  to  increase  the  activity  of  the  screens 
by  Increasing  ths  surface  area.  It  was  found  that  ths  incorporation  of 
HjBO)  as  a  bonding  agent  in  the  coating*  appeared  to  provide  some  beneficial 
effects  in  catalytic  activity  and  mechanical  strength  when  silver  and  lead 
were  used  together  in  catalyst  coatings  also  containing  AljOj.  If  the  compo¬ 
nent#  were  present  in  the  proper  amounts,  a  catalyst  of  good  activity, 
minimum  delay  time,  and  relatively  high  strength  at  high  temperatures  was 
indicated.  Continuous  exposure  of  silver-lead  formulations  to  dilute  H4Oj 
showed  no  loss  of  the  metals.  Testa  were  also  conducted  with  93  per  cent 
H*0*. 

Further  work  in  this  program  involved  the  development  of  reliable 
method#  for  testing  and  evaluating  decomposition  catalysts.  The  program 
terminated  without  additional  major  developments. 

b.  Nickel  Oxides  and  Hydroxides 


Hart  and  Ross  (101)  studied  the  decomposition  of  hydrogen  peroxide 
by  NiO.  A  flashed  film  of  NiO  (95.  7 p  thick)  gave  an  activation  energy  of 
11.  0  iO.  5  kcal/mole  under  the  same  conditions.  It  was  also  found  that 
0.  004  to  2. 1  per  cent  of  JLijO  in  bulk  NiO  promoted  the  catalytic  activity. 
C*|0)  added  in  the  same  amounts  also  promoted,  but  to  a  smaller  degree. 

Maxim  and  Braun  (260)  irradiated  non-etoichiometric  nickel  oxide 
in  vacuum  in  a  nuclear  reactor,  and  found  that  the  treatment  increased 
the  catalytic  activity  of  the  oxide  in  the  decomposition  of  hydrogen  peroxide. 
Analysis  showed  that  irradiation  increased  the  quantity  of  surface  oxygen, 
preeumably  a  result  of  the  presence  of  weakly  bound  oxygen  on  the  surface. 
Thermal  treatment  after  irradiation  destroyed  the  increased  catalytic 
activity. 

Matsuura  and  others  (259)  evaluated  sine  oxide  and  nickel  oxide 
(NIO)  containing  small  .mounts  of  lithium,  aluminum,  and  chromium,  as 
catalysts  for  the  decomposition  of  hydrogen  peroxide.  Reaction  rate  was 
proportional  to  HjO|  concentration,  but  the  rate  constant  varied  with  pH, 
reaching  a  maximum  at  pH  12-13.  Low  activation  energies  in  NiO  were 
ascribed  to  higher  concentrations  of  positive  holes  and  in  ZnO  to  lower 
concentrations  of  free  electrons.  The  results  were  discussed  in  relation 
to  previously  proposed  mechanisms  for  catalytic  HjOj  decomposition. 
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Zhuravlev  and  others  (3S2)txtendsd  their  studies  of  the  work  function* 
of  eataJyati  la  an  attempt  to  correlate  them  with  change*  in  activity  caused 
by  aging  semiconductor  catalyst*.  Work  functions  of  NiO,  Ni|0|,  CuO, 

FbO,  and  PbjO  ware  data rminad  Immediately  after  they  were  annealed  and 
at  various  time*  for  12  days  after  they  were  first  used  as  HjO>  dccomposi* 
tion  catalysts.  Both  the  work  function  and  the  activity  of  NIO  and  NljOi 
decreased#  than  leveled  out  as  the  aging  period  increased.  Work  function 
and  activity  changed  in  opposite  directions  for  CuO,  FbO,  and  PbjO.  The 
results  are  explained  by  the  electron  theory  of  catalysis.  Adsorbed  reac¬ 
tant*  remain  adsorbed  on  the  catalyst  surface  after  drying.  Donor -type 
reactions  occurred  on  the  nickel  catalysts  and  acceptor-type  reactions 
occurrod  on  the  others.  This  conclusion  was  confirmed  by  determinations 
of  the  signs  of  the  surface  changes  on  the  catalysts  from  work  function 
measurements  of  the  catalysts  Immersed  in  hydrogen  peroxide  solution. 

c*  Activity  of  Adsorbed  Ions 

The  effect  of  traces  of  adsorbed  ions  on  the  catalytic  activity  of 
Nl(OH)i  was  examined  by  Krause  and  others  (1SS).  Mn(II)  ions  ware  found 
to  be  activators.  The  relative  promoting  effects  of  other  ions  in  decreasing 
order  were:  Mg(ll),  Cr(ni),  Mo04*‘,  W04*‘,  and  UOa*+.  Ni(H),  Zn(II). 
Fe(JZt),  Pb(II),  and  FefCN)*1'  were  without  effect.  Ba(IZ)  and  Fe(CN)«4‘ 
acted  as  inhibitors.  For  mixed  ions,  the  combination  Ni(OH)a-Fe(CN)a4*- 
•Cu(XI)  gave  the  moat  active  catalyst. 

Krause  and  Domka  (201)  found  that  both  Fe(Ql)  and  Cu(II)  ions 
increased  the  normally  feeble  activity  of  Nl(OH)a  as  a  catalyst  in  the  decom¬ 
position  of  hydrogen  peroxide.  Fe(HX)  Increases  the  rate  slightly,  and  Cu(Il) 
more  strongly,  but  the  greatest  Increase  results  from  the  ions  in  combina¬ 
tion.  The  order  of  addition  is  also  important:  Ni(OH)*+  Cu(H)  +  F*(XH) 
yields  marktdly  greater  activity  than  Ni(OH)a  +  Fe(IH)  +  Cu(H).  In  all  cases 
the  reaction  was  first  order.  The  mechanism  suggested  was  adsorption 
of  Ions  at  the  Nl(OH)a  surface,  resulting  in  complexes  that  facilitate  elec¬ 
tron  transfer. 

These  same  investigators  (182)  found  that  nickel  (Q)  lone  at  low 
concentrations  markedly  affect  the  rate  of  catalytic  decomposition  of  hydro¬ 
gen  peroxide  when  adsorbed  on  cobalt  carbonate  carrier.  The  decomposi¬ 
tion  rate  of  0.3  per  cent  HjOa  at  37*  was  determined  for  additions  of  Ni(C) 
lone  to  1. 0  mg  CoCO}1  Co(OH)aa  3.  5HjO.  The  rate  Increased  to  e  maximum 
at  10‘*  gram  Nl(ZZ),  dropped  to  a  minimum  at  10”*  gram,  and  at  10“U  gram 
roes  back  to  the  rate  due  to  the  cobalt  carbonate  alone. 

It  was  also  found  (184)  that  Ag(X)  and  Mn(XI)  lone,  which  are  normally 
inactive  In  hydrogen  peroxide  decomposition  at  37*,  can  accslsrats  the 
reaction  if  they  are  adsorbed  on  2NiCOja  Ni(OH)ja  7HjO  carrier.  Each  ion 
adsorbed  alone  promotes  decomposition.  However,  in  combination  they 
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m«  less  active,  and  the  degree  of  activity  depend*  on  the  order  of  adsorp- 
tion  (catalytic  mutation).  The  reaulta  are  obtained  for  concentrations  of 
1  mg  of  ion  per  0. 1  gram  of  carrier.  If  the  ion  concentration  is  doubled, 
the  effects  are  not  observed. 

Tomasai  and  Jankowska  (341)  used  a  potentiomet  ic  technique  to 
study  the  catalytic  decomposition  of  hydrogen  peroxide  by  nickel  ions 
adsorbed  on  silica  gel.  It  was  found  that  the  gel  would  actively  catalyse 
the  decomposition  when  the  potential  difference  between  a  NISO*- silica  gel 
and  a  calomel  electrode  waa  between  55  and  160  mlllivolta.  A  gel  with  2 
per  cent  of  NISO*  gave  the  highest  activity.  In  the  cell,  potential  Increased 
if  the  concentration  was  higher,  and  dropped  if  it  was  lower. 

2.  PALLADIUM 

The  catalytic  action  of  palladium  foils  at  37*.  50*.  and  70*  in  the 
decompoaitlon  of  hydrogen  peroxide  was  examined  by  Krause  end  Hermann 
(170).  It  was  found  that  the  reaction  was  first  order  and  that  palladium 
lowered  the  activation  energy  by  1-2  kcal/mole.  Etching  the  foils  Increased 
the  activity. 

Sai'nlkov  and  others  (303)  regenerated  spent  palladium  duet  catalyst 
by  exposure  to  an  ultrasonic  field.  Beat  results  for  a  catalyst  used  to 
decompose  hydrogen  peroxide  were  obtained  using  about  a  40  per  cent 
mixture  of  the  duet  in  Decalin,  irradiated  in  a  field  of  greeter  than  3.  5 
watta/sq  cm  Intensity  for  5  to  10  minutes.  Before  treatment  the  dust 
should  be  washed  with  boiling  alcohol  and  hot  water;  after  treatment,  it 
should  be  washed  with  beneene,  then  dried. 

The  relation  between  crystal  structure  and  crtalytic  activity  of 
thermally  treated  palladium  films  was  studied  by  Umeda  and  others  (353). 
Electron  microscope  and  x-ray  diffraction  analysis  indicated  that  the  lower¬ 
ing  of  activity  was  caused  by  a  decrease  of  lattice  inter  planar  distance*, 
by  growth  of  crystallites,  and  by  a  decrease  of  distortion  and  disorder  in 
the  lattice,  Urm  da  and  others  (354)  used  differential  thermal  analysis  to 
determine  the  relative  catalytic  activities  of  evaporated  metal  films. 
Reaction  rate  waa  proportional  to  the  quantity  of  metal.  Increasing  the 
pH  decreased  the  activation  energy,  The  order  of  activity  for  various 
metals  was  Pd>Pt>Fe>Au>Ni>Ag>Cr>Cu>Al. 

Umeda  and  others  (355)  also  observed  that  the  electrical  resistance 
of  a  palladium  film  increased  during  the  catalytic  decomposition  of  hydro¬ 
gen  peroxide.  Applying  a  negative  potential  increased  the  catalytic  activity. 
Measurement]  also  showed  that  at  the  pH  yielding  the  highest  activity,  the 
electrical  capacity  of  the  double  layer  at  the  surface  waa  large.  Electron 
transfer  from  the  surface  to  H|Oi  molecules  was  said  to  be  the  rate- 
determining  step  of  the  reaction. 


Kokado  and  Okubo  (125)  measured  tha  effect  of  hydrogan  peroxide 
and  palladium  aol  concentration*  on  the  rat*  conatant  for  tha  catalytic 
decomposition  of  hydrogan  peroxide.  Below  a  paroxid*  concentration  of 
0,  05  M  the  first-order  rata  constant  was  independent  of  concentration.  At 
high  concentrations  of  peroxide  tha  rata  constant  was  proportional  to  tha 
concentration  of  tha  palladium  sol. 

Tvardovakii  and  Karpova  (348)  studied  the  catalytic  propertia*  of 
palladium* nickel  alloys  in  the  decomposition  of  hydrogan  peroxide.  Rata 
constants  were  determined  as  a  function  of  nickel  content  and  at  40*C. 

Tha  rata  passed  through  a  maximum  at  25*30  par  cant  nickel,  dropped 
gradually  to  a  plateau  at  40*60  per  cent  dropped  abruptly  to  a  second 
plateau  at  65-83  per  cent,  and  finally  declined  to  zero  at  100  por  cent 
nickel.  In  all  cases  the  reaction  was  first  order;  Arrhenius  equation  acti¬ 
vation  energy  and  frequency  factor  reached  maxima  at  20*25  per  cent  nickel. 

j  The  decomposition  of  hydrogen  paroxida  by  palladium-gold  alloys 
in  normal  H2SO4  at  18  and  35*  C  was  investigated  by  Moeevich  and  others 
(270).  The  first-order  reaction  rat*  constant  was  unchanged  for  gold  con* 
cantrationa  from  0.  0  to  60-65  par  cant.  At  higher  concentrations  the  ratn 
constant  daersasad  to  aero  as  gold  concentration  increased  to  100  per  cent, 
Tha  activation  energy  was  unchanged  up  to  55  per  cent  of  gold,  increased 
Sharply  before  leveling  off  at  60-70  per  cent  of  gold,  then  declined  in  the 
region  of  70*100  per  cant  of  gold.  No  explanation  of  the  results  wa*  given. 

Fospelova  and  Kobosev  (294)  studied  the  rate  of  decomposition  of  30 
par  cent  hydrogen  peroxide  by  silica-supported  palladium  in  the  presence 
of  HCN,  HC1,  and  HjSO*.  In  sulfuric  acid  the  reaction  was  first  order  and 
practically  independent  of  the  acid  concentration.  Hydrochloric  acid  also 
gave  a  first  order  reaction,  but  a  decline  in  activity  with  increased  con¬ 
centration.  Ja  HCN,  tha  reaction  increasingly  deviated  from  a  first  order 
reaction  end  the  catalytic  activity  continuously  declined  as  concentration 
was  increased.  Tha  degree  of  coverage  of  the  silica  support  by  the  palla¬ 
dium  catalyst  markedly  affected  both  the  over-all  and  the  specific  activity. 
Activity  increased  slowly  in  ths  range  of  0.  3  to  1,0  per  cent  and  rapidly 
above  1,  0  per  cent  of  palladium.  It  was  concluded  that  the  mechanism 
involved  cleavage  of  a  hydrogen  atom  rather  than  cleavage  of  an  oxygen 
atom. 

* 

Hayaahi  (104)  reported  that  lead  ion  accelerates  the  decomposition 
of  H(0|  by  palladium,  Lead  inhibit*  platinum,  however,  as  a  result  of  a 
Gibbs-type  adsorption  on  the  catalyet  surface. 

lahieaki  (112)  reported  that  saponin  Inhibited  the  decomposition  of 
hydro  gsn  psroxida  by  palladium. 


3.  PLATINUM 


ft.  Untreated  Platinum  as  a  Catalyst 

Tovbin  and  co-workers  conducted  a  eerie*  of  etudiee  on  the  non* 
stationary  catalytic  decomposition  of  hydrogen  peroxide  with  platinum. 

It  was  found  that  the  activity  of  a  freah  platinum  surface  increased 
with  time  of  contact  with  hydrogen  peroxide  (343).  The  results  showed 
that  oxygen  compounds  produced  on  the  surface  cause  the  highest  activity. 

It  was  demonstrated  that  the  decomposition  reaction  continues  in  the  sub¬ 
strate  for  &  time  after  the  catalyst  is  removed. 

Tovbin  and  Lyashev  (344)  decomposed  hydrogen  peroxide  solutions 
flowing  through  a  tube  coated  internally  with  bands  of  platinum  catalyst. 

The  amount  of  peroxide  decomposed  was  found  to  increase  with  the  length 
of  the  non-coated  portions  of  the  tube  up  to  a  point  where  the  peroxide 
remained  out  of  contact  with  platinum  for  ten  seconds.  The  total  length 
of  the  portions  with  platinum  bands  was  held  constant.  These  experiments 
were  said  to  demonstrate  that  the  decompoeition  is  a  chain  reaction,  initiated 
at  the  platinum  surface,  and  propagated  within  the  liquid  itself. 

It  was  pointed  out  in  a  later  paper  (345)  that  the  tube  experiments 
do  not  conclusively  prove  that  the  decomposition  reaction  proceeds  in  the 
homogeneous  phase  after  initiation  by  a  platinum  surface.  It  was  argued 
that  if  the  rate  were  diffusion-controlled,  the  flow  past  the  tube  wall  con* 
taining  no  platinum  would  allow  diffusion  of  fresh  material  for  contacting 
a  subsequent  catalyst  band,  with  the  net  result  that  the  effect  of  the  same 
length  of  platinum  is  increased.  Later  experiments  used  a  rotating  platinum 
catalyst  that  gave  an  increasing  decomposition  rate  up  to  450  rpm,  beyond 
which  the  rate  leveled  off.  Further  evidence  of  the  diffusion  effect  ie  that 
samples  ejected  from  a  narrow  platinum  tube  into  a  permanganate  solution 
for  analysis,  consistently  gave  lower  results  than  if  the  samples  were  held 
1  to  l  minutes  in  the  tube  before  analysis.  It  was  also  shown  that  hydrogen 
peroxide  put  in  contact  with  platinum  bleached  methylene  blue  more  rapidly 
than  peroxide  that  had  not  been  in  contact  with  platinum.  These  results 
showed  that  although  the  reaction  is  diffusion-controlled,  it  is  to  some 
extent  propagated  by  reaction  in  the  body  of  the  liquid  after  contact  with 
the  catalyst. 

Earlier  experiments  (344)  indicated  that  oxygen  compounds  were 
the  real  catalysts  for  the  decomposition.  Activity  cf  the  plstiuum  was 
observed  to  increase  with  use.  Surface  treatments  also  affected  activity. 

The  beet  catalyst  resulted  from  treatment  of  platinum  with  hot  chromic 
acid,  followed  by  air  drying.  Treatment  by  heating  in  s  stream  of  hydro¬ 
gen  gave  a  considerably  poorer  catalyst. 
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St  wae  Sound  that  the  catalytic  activity  of  platinum  declined  with 
exposure  to  eucceeeive  samples  of  hydrogen  peroxide  (345).  Treatment 
with  chromic  acid  between  exposures,  however,  sustained  the  high  activity. 
In  experiments  where  hydrogen  peroxide  was  passed  through  a  fresh  plati¬ 
num  tube,  the  first-order  reaction  rate  constant  was  detevrnined  to  be 
8.9  x  10'Vmin.  Sustained  flow  experiments  gave  a  reaction  order  of  1.73. 

Satterfield  and  Yeung  (306)  studied  the  decomposition  of  hydrogen 
peroxide  vapor  on  platinum  and  stainless  steel  in  a  tubular  reactor. 
Temperature  ranged  from  130-460*  and  HjOt  concentrations  up  to  2. 1  mole 
per  cent.  Both  mass  transfer  and  surface  reaction  were  found  important 
in  the  overall  process.  It  was  unexpectedly  found  that  the  true  surface  rate 
went  through  a  maximum  as  temperature  increased.  Surface  rate  constants 
for  both  catalysts  were  determined. 

Krause  and  Hermann  (165)  reported  that  scratching  tha  surface  of 
platinum  or  palladium  increased  considerably  the  activity  ae  a  catalyst  in 
decomposing  hydrogon  peroxide.  Scratching  did  not  affect  the  activity  of 
gold.  The  effect  ie  attributed  to  increaeed  ease  of  radical  formation. 

Franklin  and  others  (80,81)  found  that  the  decomposition  of  hydrogen 
peroxide  by  platinum  in  2  N  HjSO*  was  a  first-order  reaction.  From 
meaaurements  of  the  absorption  by  hydrogen  of  the  platinum  surface,  it 
was  determined  that  hydrogen  peroxide  decomposed  at  certain  sites  only, 
whereas  quinoae  could  be  hydrogenated  using  the  entire  platinum  surface. 

The  problem  of  "active  centers"  in  catalysts  such  as  platinum  used 
for  the  decomposition  of  hydrogen  peroxide  was  considered  by.Erbacher 
(54),  Various  investigators  have  attributed  high  catalytic  activity  to  edge 
effects  of  the  particles,  edges  of  crystallites,  or  mechanical  discontinuities. 
Erbacher  argues  that  since  all  heavy  metale  except  platinum  have  straight- 
line  logarithmic  adsorption  isotherms,  and  since  the  absolute  surfaces 
found  by  monatomic  electrochemical  exchange  and  fr^m  ion  adsorption  are 
the  earns,  only  metal  atoms  are  the  active  centers  for  most  metals.  The 
fact  that  roughened  platinum  is  more  active  than  smooth  platinum  in  the 
decomposition  of  hydrogen  peroxide  is  attributed  to  the  greater  number  of 
adjacent  discontinuities. 

The  effects  of  various  surface  treatment*  on  the  rate  at  which  plati¬ 
num  catalytically  decomposed  hydrogen  peroxide  were  compared  by  Garton 
and  Turkevlch  (85),  Polished  foils,  heat-treated  foils,  and  foil  etched  by 
catalyzing  the  oxidation  of  ammonia  were  compared.  The  foils  were 
examined  by  an  electron  microscope.  Etched  platinum  exhibited  a  million- 
fold  increase  in  the  number  of  surface  peaks,  and  predominance  of  the  (100) 
faces.  Rate  data  from  the  decomposition  of  peroxide  indicated  that  activity 
is  proportional  to  surface  area,  although  some  crystal  faces  may  have 
greater  activity. 
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K Bating  and  others  (11?)  found  that  the  decomposition  of  hydrogen 
peroxide  on  annealed  and  cold-worked  platinum  foils  was  first  order.  The 
reaction  rate  constant  increased  with  the  degreo  of  cold  work.  The  catalytic 
activity  could  be  correlated  directly  with  the  deformation  of  platinum. 
Increased  activity  is  attributed  to  deformation  because  any  effects  of  pre- 
ferred  orientation  or  increased  surface  area  were  proved  negligible. 

The  fraction  of  active  centers  on  platinum  black  in  the  decomposi¬ 
tion  of  hydrogen  peroxide  at  25*  C  was  determined  by  Gorokhova  and  others 
(94).  Adsorption  of  lead  acetate,  which  poisons  platinum,  was  used  to 
control  the  extent  of  blocking  of  active  sites.  Adsorption  Isotherms  in- 
creased  rapidly  up  to  an  equilibrium  value  of  150  mg  Pb /liter.  The  rela¬ 
tion  between  the  number  of  active  centers  and  the  probability  of  poisoning 
could  be  expressed  mathematically.  The  fact  that  poisoning  reduced  plati¬ 
num  catalytic  activity  65  per  cent  was  attributed  to  mutual  repulsion  of 
adsorbed  lead  ions.  Active  surface  constituted  1/5  of  the  total  according 
to  adsorption  measurement  and  1/3  of  the  total  according  to  poisoning  of 
the  catalyst. 

Maxted  and  Ism&il  (261)  investigated  the  activation  of  platinum  by 
various  oxides.  Small  quantities  of  ThO*,  ZrOj,  CrjOj,  CeO,  MgO,  TiOi, 
VjP|,  La*Oj,  PrtOji,  TljOj,  and  Sm^O)  strongly  promoted  the  decomposition 
of  hydrogen  puroxide  by  platinum  particles  at  20*.  In  gsneral  there  is  a 
maximum  in  tie  decomposition  rate  for  increasing  concentrations  of  the 
oxides.  The  order  of  promoting  ability  for  the  oxides  is  as  follows: 

ThOj>  ZrO,>  CrjOj>  CcO>  MgO>  TiO*>  VjO*  <  lAp»5*  PrtOu>  Tl|Oi>  tm,03. 
Activation  in  many  cases  is  considerable;  ThOj  and  ZrOj  increase  it  9 
times  the  value  of  that  for  platinum  alone. 

Dole  and  others  (51)  evaluated  the  fractionation  of  isotopes  in  the 
decomposition  of  hydrogen  peroxide  by  metallic  platinum.  It  was  established 
that  some  of  the  liberated  oxygen  comes  from  the  substrate  water  when  the 
peroxide  is  decomposed.  The  enhancement  of  the  01*  percentage  is  not 
explained. 

Myuller  and  Nekrasov  (272)  obtained  electrochemical  evidence  indi¬ 
cating  that  a  platinum  oxide  forms  by  a  chemical  process  as  an  intermediate 
in  the  catalytic  decomposition  of  hydrogen  peroxide  by  platinum.  Oxygen 
reduction  in  0. 125  N  KOH  was  studied  as  a  function  of  various  platinum 
electrode  treatments.  Treatmont  for  5  minutes  at  -0,  25  v  gave  a  more 
positive  half-wave  potential  for  the  reduction  of  oxygen  to  Hjpj  than  did  a 
similar  electrode  treated  for  1  minute  at  1. 30  v.  This  fact  indicated  that 
the  first  stage  of  the  reaction  was  electrochemical  and  did  not  involve 
participation  of  the  surface  oxide.  In  another  experiment,  it  was  shown 
that  in  a  ring-dish  electrode,  all  the  evolved  oxygen  could  be  attributed  *o 
H|Oj  decomposition.  This  result  supported  the  conclusion  that  *Jv>  *tUlytic 
decomposition  involved  a  layer  of  P'-O  <oriwd  oi,  u.e  surface.  The  first 
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•tag*  of  tha  reaction  up  to  a  maximum  potential  corresponded  to  tho  reaction 
HjO|  +  PtO  Pt+  HgO  +  Oj.  A  decrease  of  tho  cathodic  current  in  the  region 
where  the  diffusion  potential  waa  )eas  th*.n  the  maximum  waa  attributed  to 
platinum  reduction  at  the  aurface. 

Hickiing  and  Wilaon  <135)  found  that  platinum,  platiniaed  platinum, 
nickel,  gold,  and  graphite,  anodically  decompoaed  hydrogen  peroxide  at  all 
but  very  high  current  denaitiea.  The  reaction  poatulated  for  alkaline  aolu- 
done,  HO,*  ■  H+  +  Oj  +  2e‘,  ia  rapid.  It  la  alao  diffuaion- controlled  and 
independent  of  the  electrode  material.  Potendala  about  10  time*  higher 
are  required  for  decompoaidon,  and  the  reacdona  that  do  proceed  require 
potendala  equal  to  that  for  the  aame  reaction  in  an  electrolyte  not  containing 
hydrogen  peroxide.  Theae  facta  auggeat  that  an  OH  radical  participatea  aa 
follow  a : 


OH"  «OH+  e* 

OH  +  HjO|  ■  HiO  +  HOa 
OH  +  HO,  «  HjjO  +  O, 

The  behavior  of  pletinum  and  platinum  electrode  a  in  acida  and  neutral  aolu» 
don  indicatea  that  platinum  oxidea  are  reaction  lntermediatea  in  theae 
proceasea. 

Oeriacher  and  Geriarher  (86)  examined  electrnchemically  the 
'  decompoaition  of  hydrogen  peroxide  by  platinum.  A  reaction  mochaniam  ia 
propoaed  to  account  for  the  reaulta.  Reaction  la  initiated  by  electron  trana- 
fer  from  the  metal  to  H,Q,.  The  radical*  OH  and  HO,  produced  remain 
adaorbed  on  the  aurface.  In  acida  the  radicals  react  to  form  OH*  and  O,, 
principally  by  electrochemical  reacdona.  A  parallel  chain  reaction  speed* 
up  the  decompoaition,  particularly  in  neutral  or  alkaline  solution. 

Blanch!  and  othera  (18)  investigated  th«  catalytic  decomposition!  f 
dilute  soludona  of  hydrogen  peroxide  by  platinvn,  iridium,  palladium,  and 
gold.  In  sulfuric  acid,  gold  waa  the  only  inacdv*  eatalyat.  None  of  the 
metals  waa  aedv*  in  hydrochloric  acid  soludona.  The  decompoaition 
reacdona  were  first  order.  Polarisation,  decay,  and  charging  curves  for 
the  me  tad  a  aa  electrodes  showed  that  the  catalyst  aurface*  become  coated 
by  pracdcally  a  monolayer  of  metal  oxide  during  the  reaction.  Activity 
is  lost  if  the  metal  cannot  be  covered  by  an  adaorbed  oxide  layer,  a*  when 
direct  complexatioa  by  the  solution  prevents  oxide  formation.  Thij  explains 
the  behavior  of  platinum  and  Iridium  in  HC1  solutions,  and  of  gold  in  HjSO* 
solutions.  It  is  alao  apparent  th*i  the  rate  of  Hjp,  decompoaition  ia  deter¬ 
mined  by  tiin  difference*  in  the  rat*  of  formation  of  oxides  and  by  the  rate* 
at  which  the  oxide*  decompoae  the  peroxide. 
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Polarization  curve  a  for  the  reductionof  oxygenon  platinum  electrodes 
in  ths  presence  and  absence  of  hydrogen  peroxide  were  obtained  by  Berenblit 
and  Lantratova  (16).  The  results  were  applied  to  a  chain  reaction  mecha¬ 
nism  for  decomposition  of  hydrogen  peroxide.  All  electrochemical  evidence 
indicated  that  decomposition  at  platinum  electrode  should  proceed  at  equal 
rates  in  acid  and  alkaline  solution.  fact  that  the  acid  reaction  is  fatter 
is  explained  by  the  higher  probabi:;",  chain  reaction  in  alkaline  solutions. 
The  results  also  Indicated  that  electrochemical  processes  play  an  important 
part  in  the  catalytic  decomposition  of  hydrogen  peroxide  by  metal*. 

Forker  (76)  studied  the  catalytic  decomposition  of  hydrogen  peroxide 
on  platinum  sheets  immersed  in  buffers  of  various  pH  at  constant  ionic 
strength.  Decomposition  rate  varie*  with  pH  and  reached  a  maximum  at 
pH  12.1.  Potential  measurements  on  the  immersed  sheets  showed  charac¬ 
teristic  alterations  to  the  platinum  surfaces.  Reaction  velocity  constants 
and  a  mechanism  for  a  first-order  reaction  were  presented. 

As  part  of  a  general  analysis  of  catalytic  reactions  aimed  at  a 
better  understanding  of  biochemical  catalysts.  Kobozev  (123)  compared 
various  catalysts  in  which  it  was  attempted  to  determine  the  effect  of  the 
support  and  linkage  with  otherwise  inactive  groups  on  the  active  catalysts. 
The  relative  activities  of  various  decomposition  catalysts  were  deter¬ 
mined.  Relative  to  a  value  of  1. 0  for  Fe(lll)  ions  in  solution,  the  activities 
were:  Mo04;  *,  0.  1;  Cr04*“,  0. 1;  W04a",  0.  l;CrWO»**,  10  (all  in  solution); 
Fe(IQ)  ions  on  carbon,  100;  hemin  (in  solution)  100,  hemin  on  carbon, 

1000;  FejGj,  10,  000;  MnOj,  10,000,  platinum,  500,  000;  hemin  on  albumin, 
300,000,  000.  Othor  examples  of  biochemical  catalytic  reactions  are  used 
to  illustrate  the  effects  of  using  different  supports. 

The  catalytic  decomposition  of  3  per  cent  hydrogen  peroxide  by 
platinum  electrodes  was  uaed  by  Flis  (59)  ae  the  basi*  for  potentiometric 
titration.  The  electrode  potential  is  proportional  to  the  pH  of  the  solution. 
Hypochlorites,  hydroxides,  carbonates  and  other  anions  can  be  detei mined. 

b.  Effects  of  Thermal  Treatment 

Nikolaev  and  Shlygin  used  electrochemical  methods  to  study  the 
sintering  of  platinized  platinum  and  the  effect  on  the  catalytic  decomposition 
of  hydrogen  peroxide. 

The  effect*  of  thermal  treatment  of  platinum  in  hydrogen  atmos¬ 
pheres  on  the  polarization  curves  and  the  reaction  rate  constant  for  the 
decomposition  of  hydrogen  peroxide  was  determined  (282).  The  polariza¬ 
tion  curve  of  platinum  immersed  in  0. 1  N  HjS04  was  used  as  a  standard, 
and  all  measurements  were  taken  at  70*.  Polarization  curves  and  rate 
constants  were  then  determined  for  the  same  electrode  heated  for  oaa  hour 
each  at  40,  60,  80,  100,  120,  150,  200  and  250*.  Invariably  the  potential 
required  to  reach  a  fixed  value  relative  to  a  hydrogen  electrode  in  0.  1  N 
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H*BO«  decreased  for  higher  heating  temperature*.  The  decree**  wa*  about 
10  per  cent  for  th*  lower  temperature*  and  about  96  per  e*nt  at  300*.  The 
rat*  constant  d*cr«as«d  to  about  75  per  cent  after  heating  to  60%  increased 
to  40  per  cent  after  60*,  then  gradually  declined  to  3  per  cent  after  900*. 

It  was  concluded  that  below  80*,  only  lattice  faults,  which  are  cat&lytically 
active,  disappear.  Platinum  starts  to  recrystallice  at  80*,  but  adsorbed 
hydrogen  evidently  distorts  the  lattice,  causing  increased  catalytic  activity. 
It  is  further  concluded  that  hydrogen  accolerates  sintering  instead  of  stabi¬ 
lising  th*  surface  by  adsorption. 

These  studies  were  extended  (283)  to  include  heat  treatment  in  air. 
Platinised  platinum  heated  at  0*,  100*,  300*,  and  400*  gave  values  for  the 
relative  reaction  rates  of  100,  34,  127,  and  105  respectively.  Increased 
values  of  the  rate  constant  were  attributed  to  deformation  of  the  platinvjn 
lattice  by  the  oxygen  adsorbed. 

The  same  method  was  used  to  determine  the  effects  of  thermal 
treatment  in  a  nHroge;  Atmosphere  (284).  Platinum  was  sintered  in  nitro¬ 
gen  at  20,  100,  200,  il'-  0,  400,  and  f>00*C.  Measurements  of  catalytic  acti¬ 
vity  showed  that  adsorption  capacity  decreased  with  increasing  temperature, 
a  fact  attributed  to  a  decrease  in  the  true  surface  area.  Sintering  at  300* 
and  above  markedly  increased  the  activity,  presumably  because  of  activated 
adsorption.  A  general  observation  was  that  recrystallisation  rates  at  the 
surface  were  much  less  in  a  nitrogen  atmosphere  than  in  a  hydrogen,  but 
greater  than  in  an  oxygen  atmosphere. 

Strel'nlkova  and  others  (328)  investigated  th*  therm*1  activation  and 
deactivation  of  platinum  black  over  the  range  100  to  700*.  in  th*  curvo  of 
catalytic  activity  in  H*Oj  decomposition  plotted  against  calcination  temper¬ 
ature,  maxima  resulted  at  169,  220,  250  and  500*.  These  experiment* 
confirmed  earlier  ones  (326)  that  indicated  a  drop  in  activity  when  platinum 
black  is  calcined  between  250  and  500*. 

The  effect  of  thermal  treatment  on  the  catalytic  activity  of  platinum 
waa  inveatigated  by  jLcpatkin  sad  others  (234).  Over  th*  range  100-700*C, 
a  curve  of  activity  againat  temperature  disclosed  reactivity  maxima  at  100, 
220,  and  250*.  Activity  declined  steadily  from  260  to  500*,  at  which  point 
it  increased  slightly,  then  continued  a  steady  deersas*. 

Strel'nlkova  and  others  (326)  studied  the  thermal  activation  and 
deactivation  of  platinum  adsorbed  on  silica  gsl  in  th*  decomposition  of  hydro¬ 
gen  peroxide.  Samples  were  prepared  with  different  degress  of  filling  of 
th*  support  by  th*  catalyst,  and  igrlted  at  300-700*C.  Curves  of  activity 
against  treatment  temperature  gave  regions  of  activation  and  of  deactiva¬ 
tion,  as  well  as  prominent  maxima.  Th*  carrier  tended  to  stabilise  the 
catalytic  platinum  centers  against  temperature  eusets,  particularly  as  the 
effects  become  more  pronounced  at  high  platinum  content.  Aev.vity 
maxima  shifted  to  high  temp  tratures  with  more  dilute  catalysts,  an  effect 
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that  wu  compared  with  extinction  cl  luminescence  and  magnetic  effects. 


Strel'nikova  and  other*  (330)  a leu  studied  the  effect  of  sintering 
temperature  on  catalytic  decomposition  by  platinum  supported  on  silica. 
Activity  isotherms  for  the  decomposition  reaction  as  a  function  of  duration 
of  sintering  (400*700*)  passed  from  the  type  having  several  maxima  tc  the 
type  in  which  activity  fell  off  initially,  then  leveled.  The  pattern  was 
ascribed  to  changes  in  the  number  of  active  catalyst  centers  on  the  adsorbed 
platinum.  Both  trends  in  activity  and  calculated  apparent  activation  energies 
supported  the  conclusion. 

Strel'nikova  and  Lebedev  (327)  studied  the  effect  of  sintering  temper¬ 
ature  and  degree  of  coverage  on  the  activity  of  platinum  catalysts,  supported 
on  carbon,  silica,  and  cadmia.  Catalytic  activ:ty  was  determined  from 
activation  energies  and  the  number  of  active  centers,  whict.  is  in  proportion 
to  the  exponential  coefficient,  )(«,  in  the  Arrneniue  equation.  The  authors 
distinguish  nine  theoretically  possible  type  s  of  catalyst  behavior,  as  deter¬ 
mined  by  relative  variations  in  the  activation  energy  (E)  and  the  exponential 
coefficient.  Tha  two  moat  common  tyr.es  are  an  increase  in  ko  compensated 
by  an  increase  in  E,  and  a  decrease  m  k^  compensated  by  a  decrease  in  E. 
Experimental  examples  of  the  various  types  are  cited.  Changes  in  acti¬ 
vation  energy  with  the  degree  of  carrier  coverage  by  the  catalyst  were 
attributed  to  the  formation  of  d.fferent  valent-artivity  structures. 

Tyurin  and  Shlygir  (349)  used  charging  curves  as  a  basis  fut  a 
method  to  determine  the  effects  of  sintering  on  the  catalytic  decomposition 
of  hydrogen  peroxide  by  platinum.  The  aim  was  to  determine  the  relation 
between  catalytic  activity,  specific  surface,  and  adsorbing  capacity  for 
hydrogen  and  oxygen.  Charging  curves  were  determined  by  suspending  the 
catalyst  powder  in  a  basket  immersed  in  an  ele  rolyte,  and  measuring 
the  quantity  of  electricity  pasted  as  a  function  of  cntlal.  Surface  areas 
could  be  obtained  from  such  measurements.  Thi  .su.lto  showed  that 
sintering  had  no  effect  or.  the  bond  energies  of  adsorbed  gasoa  or  the  cata¬ 
lyst  surface  except  in  the  case  of  oxygen,  where  the  increased  bond  strength 
was  attributed  to  penetration  of  the  gas  into  the  platinum  crystal  lattice 
during  tha  rsw.ysUuliration  caused  by  thermal  treatment.  Oxygen  adsorp- 
*ion  markedly  activated  platinum  in  the  catalytic  decomposition  of  hydrogen 
peroxide. 

Tyurin  and  Feoktiatov  (350)  studied  further  ths  offset  of  sintering 
on  the  activity  of  platinum  black  catalyst  at  20 *C.  The  effect  of  adsorbed 
oxygon  was  determined  by  ointering  the  catalyet  at  100-600*C  in  an  oxygen 
atmosphere.  Surface  properties  were  determined  by  the  charging  curve 
method.  The  .  pecific  catalytic  activity  declined  severely  to  a  minimum 
fot  sintering  temperatures  up  to  about  180*.  At  higher  sintering  temper¬ 
atures,  activity  increased  to  a  maximum  at  500* C.  It  was  concluded  that 
the  initial  decline  in  activity  is  due  to  the  blocking  of  active  centers  by 
adsorbed  oxygen.  Artiviry  increases  at  the  higher  temperatures  were 
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attributed  to  the  formation  of  platinum  oxide e. 

The  effect*  of  long-term  storage  on  the  catalytic  activity  of  a  silica- 
•upported  platinum  catalyst  were  measured  by  Strel'nikova  and  Lebedev 
(331),  Catalytic  activity  was  first  measured  3  days  after  the  catalyst  was 
prepared,  after  which  it  was  stored  in  a  desiccator  for  2  years.  Regardless 
of  platinum  content  of  the  catalyst,  storage  decreased  the  first  order  reaction 
rates  by  a  factor  of  10.  Storage  did  not  change  the  relative  activities  of 
catalysts  having  different  amounts  of  platinum.  The  ratio  of  active  centers 
in  catalysts  of  various  platinum  contents  was  also  unchanged. 

Lopatkin  and  others  (235)  correlated  magnetic  susceptibilities  with 
thermal  treatment  for  three  compositions  of  platinum-on- silica  catalysts 
(surface  fractions  covered  =  0.0054,  0,0178,  and  0,  035).  For  the  two 
catalysts  with  the  highest  fraction  of  platinum,  variations  in  susceptibilities 
with  treatment  temperature  were  identical.  For  the  remaining  catalyst  it 
was  found  that  the  paramagnetism  increased  with  any  increased  activity 
towards  hydrogen  peroxide  decomposition  produced  by  thermal  treatment. 
This  was  true  for  the  first  two  cat&lysts  below  550*  only. 

c.  Effect  of  Irradiation  and  Ultrasonics 

The  effect  of  the  electronic  properties  of  carrier*  on  the  photo¬ 
sensitivity  of  platinum  catalysts  in  the  decomposition  of  hydrogen  peroxide 
was  studied  by  Krylova  and  others  (207).  Irradiation  reduced  activity  in 
all  cases.  Charcoal,  germanium,  and  bismuth  were  the  carriers  used. 

The  source  of  irradiation  was  a  mercury  quartz  lamp.  A  catalyst  of  1,  5 
per  cent  of  platinum  on  charcoal  was  irradiated  at  a  pressure  of  0,  5  mm 
Hg.  Two  catalysts,  C.  5  per  cent  of  platinum  on  germanium,  and  0.  5  per 
cent  of  platinum  on  bismuth  were  irradiated  at  1  atmosphere  pressure. 
Activity  declined  50  per  cent  after  exposures  of  20,  5,  and  10  hour#  respec¬ 
tively  for  the  three  catalysts.  The  magnitude  of  the  changes  in  activity 
were  related  to  the  ease  of  electron  exchange  between  the  carrier  and  the 
adsorbed  metal.  In  passing  from  dielectrics  to  semiconductor  to  metals 
the  zone  of  forbidden  electron  energies  narrows,  thus  increasing  the  possi¬ 
bility  of  electron  exchange.  Carrier  paramagnetism  increased  as  catalytic 
activity  decreased. 

Krylova  and  others  (207)  evaluated  the  reduction  in  catalytic  activity 
by  irradiation  of  silver,  platinum,  and  palladium  catalyst*  in  the  decompo¬ 
sition  of  hydrogen  peroxide.  Irradiation  of  platinum  and  palladium  with  a 
mercury  arc  lamp  reduced  the  activities  by  70  per  cent.  Losses  were 
even  higher  for  the  metal*  adsorbed  on  si.Uca  or  alumina.  The  deactivation* 
were  ascribed  to  formation  of  inactive  ions  (loss  of  valence  electrons) 
instead  of  formation  of  active  adsorbed  ions  of  the  metals. 

Kobosev  and  Krylova  (124)  measured  the  effect  of  ultraviolet 
Irradiation  of  platinum,  palladium,  and  silver,  on  the  catalytic  activity 
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toward  the  decomposition  of  hydrogen  peroxide.  Platinum  free  and  adsorbed 
on  silica  gel,  carbon,  germanium,  and  bismuth  were  the  catalysts  examined 
in  detail  in  various  atmospheres  over  a  range  of  pressures.  In  all  cases, 
irradiation  decreased  the  activity.  D<*chre  was  least  in  a  hydrogen  atmos¬ 
phere  and  greatest  in  an  argon  atmosphere.  Activity  could  be  restored  by 
heating  the  catalysts  for  2  hours  in  vacuum  at  180*.  The  changes  in  activity 
are  attributed  to  ionization  of  platinum  and  consequent  trapping  of  the 
electrons  at  stable  levels  of  the  carrier. 

Krylova  and  others  (208)  studied  the  effect  of  ultraviolet  radiation  on 
reaction  order,  activation  energy,  and  rate  of  catalytic  decomposition  by 
platinum  supported  on  silica  gel.  All  these  variables  were  found  to  depend 
in  a  complex  manner  on  the  amount  of  irradiation,  t.ie  atmosphere  in  which 
the  experiments  were  conducted,  and  the  degree  and  kind  of  annealing  treat¬ 
ment  given  the  catalyst.  Activation  energy  varied  from  5700  to  10,800 
cal/molc.  The  results  indicate  that  photo -oxidation  of  platinum  cannot 
explain  the  deactivation  by  irradiation. 

The  effect  of  y -radiation  on  the  catalytic  activity  of  platinized 
aluminosilicate  was  determined  by  Minachev  and  others  (264).  Reduced 
platinic  acid  gave  a  catalyst  of  0.  5  per  cent  platinum,  with  a  surface  area 
of  252.2  sq  m/gm.  Radiation  of  (0,  27«i0)x  10'1*  electron  volts  increased 
the  catalytic  activity  in  accordance  to  the  dose.  The  increase  due  to  irradi¬ 
ation  was  lost  in  six  months. 

Minachev  and  Khodakov  ;265)  studied  the  effect  of  y  -radiation  on 
alumina- a upported  platinum  black  catalysts  having  various  platinum  con¬ 
centrations,  and  treated  under  different  thermal  conditions,  In  one  case, 
irradiation  had  no  effect;  a  deactivation  was  reported  for  the  other  cases. 

Li  and  co-workers  (228-231  )  conducted  a  series  of  investigations  on 
the  effect  of  ultra-sound  on  the  catalytic  activity  of  platinum  and  other 
catalysts  in  the  decomposition  of  hydrogen  peroxide. 

The  activity  of  a  platinum-black  catalyst  could  be  increased  or 
decreased,  depending  on  the  ultrasonic  frequency,  the  atmosphere  (air, 
nitrogen,  hydrogen)  and  peroxide  concentration  (228).  Highest  activity  was 
observed  for  nigh  frequencies,  a  nitrogen  atmosphere,  and  platinum  pre¬ 
pared  from  diluted  HjPtCl*  solutions  (230). 

Platinum  black  and  palladium  black  were  prepared  by  the  reduction 
of  the  chlorides  by  40-45  per  cent  formaldehyde,  placed  for  3  hours  in  an 
ultrasonic  field  of  frequency  20-3000  kc,  and  in  nitrogen,  sir,  or  hydrogen 
atmosphere.  The  greatest  activity  resulted  from  platinum  prepared  in  a 
nitrogen  atmosphere  at  3000  kc.  The  treatment  more  thao  doubled  the 
catalytic  activity.  The  treatment  also  increased  the  magnetic  susceptibil¬ 
ity  from  0.  866  x  t0“*  to  1. 70  x  10'*,  the  "peciflc  surface  frem  11.7  to  19.  0 
mf/g,  and  the  linear  dimension  of  the  crystals  from  65  to  106A.  Palladium 


increased  in  activity  a*  the  ultraaonic  frequency  was  dccreaaed  to  20  kc 
(229). 


Li  and  others  (231)  also  determined  the  effect  of  ultraaonic  treat¬ 
ment  on  the  activity  of  catalyats  prepared  by  adsorbing  platinum  ammoniate 
or  HjPtClt  on  silica  or  alumina,  followed  by  reduction  with  hydro geu  (300*). 
Exposure  to  an  ultrasonic  field  before  the  reduction  step  did  not  n'iect 
catalyst  activity. 

dt  Supported  Platinum 

A  1964  U.  S.  patent  by  Andersen  and  Komeo  (6)  assigned  to  Englehard 
Industries,  covers  the  use  of  platirum,  ruthenium  and  palladium  supported 
on  carbon  as  a  catalyst  for  decomposing  organic  peroxy  acids  and  H*Oj  in 
solution.  Atypical  catalyst  contains  5  pet  cent  each  of  platinum,  palladium, 
and  ruthenium  on  carbon. 

Kobosev  and  Reshetovskaya  (122)  investigated  active  "ensembles" 
on  catalyst  surfaces  used  in  hydrogenation  and  the  decomposition  of  hydro¬ 
gen  peroxide.  Carbon  and  alumina  were  used  as  supports  for  platinum. 

The  number  of  platinum  atoms  in  the  active  "ensemble"  and  the  area  oi 
the  "migration  cell"  were  calculated  from  the  catalytic  activity  and  the 
fraction  of  surface  coverage.  In  the  decomposition  of  hydrogen  peroxide 
the  number  of  platinum  atoms  in  the  active  ensemble  was  1  for  carbon  and 
4  to  6  for  alumina.  The  "migration"  cell  was  on  the  order  of  10’>>  sq  cm, 
with  a  specific  value  for  each  support. 

Studies  of  catalyst  poisoning  by  decomposition  products  of  hydrogen 
peroxide  and  other  reactions  led  to  an  analysis  by  Lebedev  and  Strel'nikova 
(224,  2 25)  of  active  centers  in  the  decomposition  of  peroxide,  Experimental 
data  for  platinum  supported  on  carbon,  silica,  alumina,  cadmium  oxide  and 
cadmium  were  summarized  and  examined.  It  was  deduced  that  active  centers 
in  catalysis  are  formed  only  by  odd  numbers  of  platinum  atoms,  e,  g, , 

Pt,  Ptj,  Pi)  and  Pt;  .  An  Interpretation  based  on  kinetic  data  was  attempted. 
A  rate  equation  could  be  developed  by  assuming  an  intermediate  compound 
of  the  type  Pt»  Q»  P  in  the  reaction.  An  explanation  of  the  odd  number  of 
atoms  in  active  center  could  then  be  obtained  by  a  graphical  analysis  of  the 
experimental  data  applied  to  the  rate  equation. 

To  determine  whether  decomposition  of  hydrogen  peroxide  does  take 
place  at  active  centers  of  odd  numbers  of  platinum  atoms,  Lebedev  and 
Trosman  (226)  examined  the  reaction  using  platinum  on  cadmium  (semicon¬ 
ductor),  crrbon,  and  silica  gel.  The  results  corroborated  the  theory  that 
active  centers  contain  odd  numbers  of  platinum  atoms.  The  data  for  cadmium 
showed  that  the  composition  of  the  active  center  is  determined  only  by  the 
reaction  taking  place,  and  not  by  the  physical  nature  of  the  support.  The 
relative  specificactivities  for  the  three  supports  were  C  <  Cd  =  SiOj. 


Lebedev  (221t  determined  the  Arrhenius  equation  parameter*  for 
platinum  catalysts  on  silica  pel  and  t  arnon  applied  to  the  decomposition  of 
hydrogen  peroxide.  Decomposition  was  carried  out  at  20-30*  using  cata¬ 
lyst*  reduced  in  a  stream  of  hydrogen  at  iOO*  for  12  hours.  Packings  on 
silica  gel  carriers  were  0.00005-0.05  and  0.0005-0.  03  monatomic  plati¬ 
num  layer.  Value*  of  parameters  in  the  Arrhenius  equation  z"=  ae^^, 
were,  respectively  for  the  two  catalysts,  E  =  2000-12,000  cal/rrmle  and 
E  *  4000  to  21 , 000  cal/mole;  log  x  =  1 .  5  to  6.  5  and  log  a  *  3  to  14.  3.  The 
temperature  used  for  thermal  treatment  of  the  catalyst  is  essentially  V  c 
.«ame  as  the  experimental  range  of  the  catalytic  activity.  Platinum  at 
packing  fraction*  of  0,  01,  0,  02,  and  0,  04  was  calcined  in  vacuum  at  350- 
700*  at  20*  intervals  for  3  hours.  At  each  temperature,  E  in  the  Arrhenius 
equation  ranged  from  2700  to  21,000  cal/mole,  log  z  from  0  to  15,  and  a 
from  0.  0  to  0,  1.  Calculation  of  the  heat  treatment  temperature  from  log 
ko*  f(E)  approximated  the  experimental  temperature  used  to  determine 
catalytic  activity. 


Lopatkln  and  others  (233)  investigated  platinum  on  silica  in  the 
decomposition  of  hydrogen  peroxide  at  25*.  Pt-to-SiO*  weight  ratios  of 
0.  0015  to  0.  05  were  included.  The  reaction  was  second  order.  Activity 
increased  with  "available"  surface  of  the  carrier,  but  it  was  a  complex 
function  of  the  weight  ratio  of  Pt  to  SiO*.  Relative  maximum  activities 
were  16,  27,  and  28  for  weight  ratio*  of  0.013,  0.027,  and  0.042.  Relative 
minimum  actlvitiea  were  12.  5  and  20  for  ratios  of  0.  02  and  0.  035.  This 
behavior  waa  attributed  to  the  existence  of  active  centers  with  definite 
compositions  and  to  energy  heterogeneities  at  the  carrier  surface. 

Strel'nikova  and  others  (329)  determined  the  catalytic  activity  of 
platinum  supported  on  cadmium  oxide  (CdO).  Over-all  activity  waa  deter¬ 
mined  by  plotting  moles  decomposed/sec/gm  catalyst  as  a  function 

of  the  number  of  atoms  on  the  surface  of  the  catalyst.  The  curve*  passed 
through  three  maxima  corresponding  to  active  centers  of  odd-number 
platinum  atom  groupings  < Pt )t ,  (Pt)j,  and  (Pt)5.  The  kinetic*  of  the  reaction 
were  formulated  on  the  basis  that  PtO*  dissociated  reversibly. 

Shashkov  and  others  (313)  attempted  to  correlate  electron  emission 
with  catalytic  activity  of  platinum  supported  on  BaSO*  in  the  decomposition 
of  hydrogen  peroxide  at  20*.  X-radiation  waa  used  to  induce  emission. 

At  a  concentration  of  2  x  10’*  gm  Pt/gm  BaSO*,  the  emission  intensity  was 
double  that  cf  BaSO*  alone.  As  the  platinum  concentration  increased  the 
intensity  decreased.  At  (2-4)  x  10’4  gm  Pt/gm  DaSO*,  the  intensity  was 
constant  and  about  the  value  of  that  of  the  carrier  alone.  At  4  x  10*1  gm 
Pt/gm  BaSO*,  the  intensity  decreased  to  1/2.  Plotting  catalytic  activity 
against  the  logarithm  of  concentration  gav  S-shaped  curves.  Plotting 
emission  intensity  against  temperature  gave  peaks  at  110  and  160*,  whereas 
the  same  plot  for  BaSO*  alone  gave  a  single  peak  at  140*.  Changes  in 
emission  intensity  with  time  could  be  mathematically  correlated.  Magnetic 
measurements  showed  that  for  concentrations  of  0.0018-0.  0036  gm 
Pt/gm  BaSO*,  the  catalyst  Is  diamagnetic,  and  for  concentrations  of 
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0.00001-0,000036,  it  was  paramagnetic.  At  low  concentration* ,  catalytic 
activity  is  associated  with  electron  emission  extinction  and  reflective 
capacity. 

The  catalytic  activity  of  platinum  on  silica  as  a  function  of  its  method 
of  preparation  was  determined  by  Adamenkova  and  Poltorak  ( 1  >.  Silica 
was  prepared  by  hydrolysing  SiCl4.  HtPtCl4  was  treated  with  ammonia  and 
the  platinum  compound  adsorbed  on  the  silica.  Reduced  platinum  was  ob¬ 
tained  by  passing  hydrogen  through  the  heated  silica  granule  a.  Catalytic 
activity  towards  Hj02  decomposition  was  higher  when  the  granules  were 
made  smaller.  Optimum  temperature  for  the  hydrogen  treatment  was  300*. 
Specific  activity  increased  with  platinum  content  and  it  was  affected  by 
the  nature  oi  the  fyPtCl*  used. 

The  same  investigators  (2)  later  attempted  to  define  the  parameters 
affecting  the  performance  of  platinum  supported  by  silica  in  the  decomposi¬ 
tion  of  hydrogen  peroxide.  Recommended  techniques  for  measuring  activity 
are  stated.  The  activity  depends  on  the  starting  platinum  compound  selected, 
the  method  of  application  to  the  silica,  drying  conditions,  and  reduction 
conditions. 

Kersonov  (118)  compared  the  catalytic  activites  of  ionic  ytterbium 
on  sugar  charcoal  with  that  of  an  ytterbium -platinum  mixture  on  the  same 
support.  A  constant  0.  05  per  cent  platinum  and  a  variable  quantity  of 
ytterbium  salt  were  used.  The  salt  alone  had  very  low  catalytic  activity 
that  increased  only  slightly  with  concentration.  The  mixed  catalyst  was 
more  active  than  platinum  catalyst  alone,  as  Indicated  by  a  decrease  in  the 
activation  energy  from  12.7  keal/moie  for  platinum  to  9.9  kcal/mole  for 
the  mixed  catalyst.  Increased  concentrations  of  ytterbium  in  the  mixed 
catalyst  led  ultimately  to  a  decline  in  activity.  At  a  Pt/Yb  ratio  of  2:1, 
activity  was  lower  than  that  of  platinum  alone, 

Enright  and  others  (290)  studied  the  effect  of  adsorbed  metal  ions 
on  the  decomposition  of  hydrogen  peroxide.  Experimerta  demonstrated 
that  heavy  metal  ions  such  as  Hg(U),  Pb(ll),  or  Ag(I)  have  little  or  no  effect 
on  the  decomposition  of  hydrogen  peroxide  in  aqueous  soiuticn  unless  they 
are  adsorbed  on  a  rigid  carrier.  An  explanation  of  the  profound  influence 
of  the  nature  of  the  carrier  on  the  catalytic  behavior  of  these  ions  is  pre¬ 
sented  on  the  basis  of  K,  Fajana'  theory  of  the  polarization  of  icrne. 

e.i  Platinum  Alloys 

Zubovich  (384- 390)  carried  out  a  series  of  studies  on  binary,  noble- 
metal  catalysts  deposited  on  alkaline  earth  carbonates  or  sulfates.  These 
studies  were  in  part  an  attempt  to  relate  catalyst  activities  to  electronic 
structures  and  magnetic  properties. 

An  interaction  was  found  between  the  components  of  Pt-Ag,  Pt-Au, 
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Pd-Ag,  Pd-Au,  and  Pt-Pd  mixed  catalysts  ausorb.  d  on  alkaline  earth  sul- 
(ate*  1384).  Behavior  could  be  reia'ed  to  the  position  of  the  elements  in  the 
periodic  table  and  to  effects  of  the  carrier.  Maximum  activity  resulted 
when  the  elements  were  in  the  stoichiometric  proportions  of  1 : 1  or  1:2. 

Silver  exhibited  a  poisoning  effect  on  platinum  and  palladium.  Poisoning 
was  a  maximum  at  n  silver  concentration  of  0.  0275*0.  055  per  cent  on  the 
carrier,  which  corresponds  to  a  proportion  of  Ag  to  Pi  or  Pd  of  about  1:1. 
The  decline  of  catalyst  activity  in  H*Oj  reduction  was  accompanied  by  a 
considerable  increase  in  activation  energy,  from  6.6  to  22  kcal/mole  for 
a  0. 1  per  cent  Pt-on»baS04  catalyst  when  the  AgjPt  ratio  waa  1:1.  Addition 
of  gold  to  palladium  or  platinum  catalysts  resulted  in  a  different  behavior. 
Gold  slightly  reduced  the  activity  of  platinum,  but  it  increased  the  activity 
of  palladium  up  to  a  maximum  for  a  Pd:Au  ratio  of  1 :2. 

Zubovich  (385)  showed  that  experimental  data  for  the  decomposition 
of  hydrogen  peroxide  by  Pt-Ag  and  Pd*Ag  mixed  catalysts  supported  on 
alkaline  earth  sulfates  agreed  with  the  theory  of  catalytically  active 
ensembles.  According  to  the  theory,  the  catalyst  activity  is  related  to  the 
amount  of  catalyst  present  by  the  expression 

A ■  A0e  exp  (*g /**) 

where  A  is  the  original  catalyst  activity,  g  is  the  concentration,  and  t*  is 
the  number  of  catalyst  migration  regions  on  the  surface.  For  other  binary 
alloys,  it  wa#  found  that,  unlike  silver,  palladium  activates  platinum  in 
Pt*Pd  mixtures.  Gold  activates  palladium,  but  does  not  affect  platinum 
activity.  Additional  experiments  confirmed  the  previous  result  (384)  that 
in  those  mixtures  the  strongest  activation  occurs  for  a  Pd;Au  ratio  of  1:2. 

Zubovich  (386)  also  studied  thin  layers  of  Pt-Ag,  Pt-Au,  Pd-Cu, 
Pd-Ag,  Pd-Au,  and  Pt-Pd  catalysts  supported  on  alkaline  earth  carbonates 
and  of  Pt-Cu  catalysts  on  SrSC4.  Catalytic  behavior  w„e  related  to  the 
electronic  structure  of  the  metal  ions,  to  the  existence  of  unpaired  elections, 
and  to  carrier  properties,  In  egreetnent  with  previous  results,  higheot 
activities  resulted  with  catalysts  having  the  simplest  stoichiometric  ratios 
of  active  metals  on  the  carrier.  Minimum  activity  yielded  maximum  acti¬ 
vation  energy.  Catalytic  activity  was  also  related  to  changes  in  magnetic 
susceptibility. 

The  poisoning  of  platinum  by  silver  as  mixed  catalysts  supported 
on  lead  sulfate  was  also  investigated  (387).  The  behavior  was  identical  to 
that  obtained  earlier  (384)  for  the  same  catalyst  supported  on  barium  sulfate 
and  minimum  activity  resulted  when  the  Ag:Pt  atomic  ratio  war  1:1. 

Zubovich  suggests,  therefore,  that  the  behavior  oi  the  mixed  catalyst 
depends  on  the  uafurv  cf  the  components,  and  not  on  the  properties  of  the 
carrier. 

In  a  further  study  of  the  poisoning  of  platinum  by  silver,  Zubovich 
(388)  used  ar*ta»e  and  rutile  (two  crysta.’Lnc  forms  of  TiOx)  as  supports. 
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In  this  case  it  wu  found  that  minimum  catalytic  activity  corresponded  to  a 
1:1  Pt:Ag  ratio  on  rutile,  but  to  a  1:2  Pt;Ag  ratio  on  anataae.  It  was  pointed 
out  that  the  general  behavior  ie  the  lamt  for  eemiconducting  rutile  a*  it 
waa  for  alkaline  earth  eulfatea  (384,  385,  307)  and  carbonates  (386),  which 
are  not  semiconductors. 

Zubovlch  also  observed  a  correlation  between  change*  in  catalytic 
activity  and  magnetic  susceptibility  of  palladium-silver  catalysts  supported 
on  polymorphic  TiOj  (389)  and  of  platinum-silver  catalyst#  supported  on 
sugar  charcoal,  carbon  black,  <ir.d  graphite  (390). 

Bogdanovskii  and  Shlygin (27)  reported  that  the  addition  of  palladium 
to  a  platinum  catalyst  does  not  noticeably  promote  the  rate  of  decomposition  of 
hydrogen  peroxide.  However,  palladium  does  prevent  self -poisouing  of  the 
catalyst,  particularly  when  added  in  amounts  of  10  per  cent  and  higher. 

Lopatukhina  and  Shlygin  (232)  found  that  an  electrochemically 
prepared  palladium- platinum  catalyst  prepared  from  PdCli-PtCl*  Solution 
was  100  times  more  active  than  palladium  alone  in  decomposing  hydrogen 
peroxide.  Greater  hydrogen  and  oxygen  adsorption  sh  vwed  that  the  mixed 
catalyst  had  o  more  highly  "developed"  surface;  however  it  was  concluded 
that  the  catalyst  did  not  consist  of  mixed  crystals;  it  was  probably  a  solid 
solution. 

I.  Platinum  Colloids 

Blesa  (20)  studied  the  effect  of  micellar  surfaces  on  the  catalytic 
decomposition  of  hydrogen  peroxide  by  platinum  sole  prepared  by  the 
electrolytic  Bredig  method.  In  the  first  study,  the  effect  of  KCN  on  the 
rate  of  decomposition  was  determined.  Platinum  sols  with  particle*  in  the 
range  75-95  millimicrons  were  prepared  electrolytlcally.  Small  concen¬ 
trations  of  KCN  decrease  the  rate  of  decomposition  of  hydrogen  peroxide, 
but  larger  amounts  increase  the  rcte.  The  concentration  of  KCN  that  yields 
the  minimum  rate  increase*  roughly  with  the  total  surface  area  of  the  sol 
particle*.  A  nearly  constant  value  of  0,65  mg  per  sq  cm  was  obtained  for 
all  sola  studied.  Substitution  of  iodine  in  place  of  KCN  gave  similar  results, 
but  In  this  case  the  dose  required  for  minimum  rate  was  nearly  a  constant 
0.  095  mg  per  sq  cm  of  sol  surface. 

In  u  second  study  by  Blesa  (19)  the  relation  between  the  particle 
sise  of  the  sol  and  the  amount  of  poison  necessary  to  produce  a  minimum 
in  the  rate  of  decomposition  of  hydrogen  peroxide  was  investigated.  Each 
salt  was  found  to  have  a  specific  value.  Substances  studied  included  KCN, 
thiosulfates,  iodine,  and  iodides. 

Hasegaw*  (103)  mearured  the  decomposition  rate  of  hydrogen  per¬ 
oxide  by  platinum  sol  over  the  range  30  to  50* C.  An  initial  decrease  in 
reaction  rate  was  followed  by  a  main  stage  in  which  the  reaction  was  first 
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order  with  an  apparent  activation  energy  of  1 1 . 6  kcal/mole.  The  initial 
retardation  was  attributed  to  the  accumulation  at  the  surface  of  reaction 
producte  which  blocked  active  sites. 


Kokado  (126)  reported  that  tannic  acids  inhibits  the  catalytic  decom- 
position  of  hydrogen  peroxide  by  platinum  sols.  The  logarithms  ol  the 
first-order  rate  constant  and  tannic  acid  concentration  followed  a  linear 
resction. 


The  effect  of  deutt  r<um  oxide  on  the  decomposition  of  hydrogen 
peroxide  by  solutions  of  colloidal  platinum  was  determined  by  Deleo  and 
others  (47,  48).  A  regular  relationship  between  the  concentration  of  deute¬ 
rium  oxide  and  the  inhibition  of  the  decomposition  reaction  rate  was  estab¬ 
lished.  A  series  of  exchange  reactions  is  postulated  to  explain  replace¬ 
ment  reactions  that  took  place.  All  results  were  for  0.  05  N  hydrogen 
peroxide  at  25*. 

Kobozev  (121)  derived  kinetic  data  for  the  catalytic  decomposition 
of  hydrogen  peroxide  on  several  catalysis  by  analyzing  experimental  results 
based  on  three  reactions: 


(1) 

Cat  +  HiO*  = 

Cat  •  O  +  H*0, 

K, 

(2) 

Cat  +  2H*0*  - 

Cat:°  +  ZUfi, 

K  i 

(3) 

CatiQ  * 

Cat  +  0 1 

k 

r 

where  "Cat"  is  the  catalyst.  Reactions  (1)  and  (2-)  were  considered  rapid 
reactions  that  could  be  treated  as  steady-state  equilibria.  Reaction  (3) 
was  the  rate  determining  step,  Experimental  rate  data  were  plotted  in  a 
manner  that  yielded  values  for  the  constants  Kj,  K*  and  kr.  The  relative 
"time  activities  per  active  center"  for  various  catalysts  at  O'1'  vere  as 
follows:  MoO,',  CrO*",  WO,*,  and  iodine,  0,1;  Fe1+,  1.0;  C*.  7  z" ,  11.  v, 
Fe,+  on  charcoal,  100;  hemin,  50  to  650;  hemin  on  charcoal,  800;  catalase, 
5x10*;  FejO,  and  MnOj,  1 04;  and  Pt-black  sol,  10*.  Since  the  value  of  Icq 
in  the  expression  kr  =  k  (q^,  *  activation  energy)  was  approximately 

10*°  for  all  catalysts,  the  increased  activity  of  t  1  mixed  catalysts  was 
attributed  to  a  lowering  of  the  activation  energy  only,  A  plot  of  log  kr 
against  the  difference  in  free  energies  of  reaction  (1)  and  (2)  gave  two 
straight  lines,  one  for  homogeneous  catalysts  and  the  other  for  hetero¬ 
geneous  catalysts.  Enhanced  catalytic  activity  for  either  series  was  attri¬ 
buted  to  decreasing  repulsion  between  the  oxygen  atoms  of  the  intermediate 
couples,  Cat:§.  A  thermodynamic  analysis  permitted  a  model  in  which  the 
repulsion  decreased  proportionally  to  an  increase  in  the  total  amount  of 
supporting  material  to  which  active  centers  are  attached. 
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g.  Effect!  of  Accelerator*,  Poisons,  and  other  Agents 

Ho  rib*  (109)  studied  the  effect  of  methyl,  ethyl,  and  propyl  alcohoia 
on  the  decomposition  of  hydrogen  peroxide  by  a  platinum -palladium  mixed 
aol  and  activated  carbon  powder.  Methyl  or  ethyl  alcohol  in  email  amount* 
accelerated  the  reaction,  but  equivalent  amount*  of  propyl  alcohol  depre*»ed 
the  rate,  All  three  alcohols  depressed  the  rate  at  high  concentration.  In 
most  cases  it  was  possible  to  establish  z  linear  relation  between  the  reaction 
rate  constant  and  the  dielectric  constant  of  the  alcohol. 

In  further  studies  of  catalytic  poisons  Koppen  (134)  reported  that 
thiophosphate  ester*  retarded  the  catalytic  decomposition  of  hydrogen  per¬ 
oxide  by  acidic,  platinum-coated  silica  gel.  In  this  case,  however,  the 
retardation  could  be  eliminated  by  adding  what  was  found  to  be  the  optimum 
amount  of  saponin  to  the  reacting  mixture.  Foam  was  produced  in  proportion 
to  the  amount  ot  oxygen  evolved  in  the  reaction.  Foam  height  was  more 
sensitive  than  foam  amount  as  a  measure  of  the  decomposition  rate. 

Strel' nikeva  and  Lebedev  (332)  studied  the  poisoning  of  catalytic 
platinum  in  various  forms  by  hydrochloric  acid.  Colloidal  platinum,  plati- 
nattd,  dehydrated  SiO*  and  platinum  black  were  examined  in  the  decomposi¬ 
tion  of  hydrogen  peroxide.  The  poisoning  is  related  in  a  complex  manner 
to  the  partial  dissolution  of  surface  atoms  (usually  up  to  1  per  cent,  but 
up  to  33  per  cent  for  platinum  black)  as  a  result  of  simultaneous  reaction 
of  HjOj  and  HC1.  The  bivalent  surface  atoms  are  assumed  to  represent 
active  centers,  which  can  form  intermediate  compounds  that  dissolve  in 
HC1.  The  fact  that  activity  towards  the  hydrogenation  of  cyclohexane  was 
also  observed  for  this  catalyst  is  taken  a*  evidence  of  supporting  the 
assumption. 

The  same  investigators  (334)  studied  the  effect  of  HNOj,  KgSOf, 
and  HC1  on  platinum-on- silica  catalysts  in  the  decomposition  of  hydrogen 
peroxide  in  order  to  ditermine  the  anomalous  behaviour  of  HC1.  Platinum 
was  soaked  in  the  various  acids  for  5  hours,  after  which  2N  H*Oj  was  added. 
Nitric  acid  deactivated  the  catalyst  least,  followed  by  sulfuric  acid.  Hydro¬ 
chloric  acid  was  several  tens  of  times  more  effective  in  deactivation,  a 
magnitude  too  great  to  be  attributed  to  pH,  A  distinction  is  that  HC1  can 
dissolve  adsorbed  platinum,  which  is  taken  as  an  explanation  for  the  action 
of  this  acid.  It  is  pointed  out  as  very  significant  that  no  more  than  one  per 
cent  of  the  surface  atoms  is  responsible  for  the  catalytic  activity. 

In  a  study  of  the  poisoning  effect  of  mercuric  chloride  on  platinum 
catalyst  supported  by  cadmium  oxide  in  the  decomposition  of  hydrogen  per¬ 
oxide,  Strel1  nikova  and  others  (333)  found  that  platinized  CdO  adsorbed 
more  HgCl^  than  CdO  alone,  regardless  of  HgClj  concentration.  Catalytic 
activities  of  platinized  CdO  treated  with  various  concentrations  of  HgCl* 
were  then  determined,  as  was  the  activity  of  an  untreated  platinized  CdO 
catalyst.  The  log  of  the  ratio*  of  the  activities  plotted  against  the  amount 
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of  HgClj  adsorbed  gave  two  intersecting  straight  lint...  The  results  could 
bs  expressed  by  a  mathematical  relationahip  involving  the  relative  activities 
of  poisoned  and  unpois^ned  catalyst,  the  probability  of  poiJcmng  an  active 
center,  the  number  of  regions  of  poison  migration,  and  'ie  quantity  of 
adsorbed  poison.  The  activation  energy  was  independent  of  the  quantity  of 
poison  adsorbed,  and  varied  irregularly  with  the  amount  of  platinum 
employed 

Zykova  and  others  (394)  studied  in  detail  the  poisoning  of  platinum 
black  by  large  amounts  of  mercuric  chloride.  In  the  presence  of  hydrogen 
peroxide,  HgClj  is  reduced  to  Hg2Cl2,  which  is  then  adsorbed  by  platinum. 
Hg2Cl2  is  not  adsorbed  by  platinum  in  the  absence  of  hydrogen  peroxide. 

Since  crystals  of  Hg2Cl2  were  observed  on  the  catalyst  surface,  the  amount 
of  HgClj  reduced  considerably  exceeded  that  amount  needed  to  form  a  mono- 
layer.  Absorption  isotherm*  possessed  three  distinct  regions,  but  eventually 
leveled  off  as  the  surface  became  saturated.  No  alteration  ir  activation 
energy  was  observed  for  various  surface  coverages,  which  was  taken  as 
confirmation  that  the  active  centers  are  energetically  uniform  on  the  cata¬ 
lyst  surface. 

Suito  (335)  studied  the  effect  of  various  poisons  of  platinum  sols 
toward  the  decomposition  of  hydrogen  peroxide.  Poisons  included  HrC12, 
Hg(CN)2,  KCN,  and  KC1.  Activity  declined  in  proportion  to  the  logarithm 
of  the  concentrations  of  HgCl2  and  Hg(CN)2;  in  the  case  of  KC1,  a  linear 
relation  was  found  between  the  logarithms  of  activity  and  poison  concentra¬ 
tion;  the  behavior  of  KCN  was  more  complex.  The  relative  degrees  of 
poisoning  were  Hg(CN)2>  HgQ2>  KCN>  >  KC1.  The  relative  quantities 
required  to  reduce  catalytic  activity  by  90  per  cent  were  0.008,  0.  02,  0.  03, 
and  250,  respectively.  Complete  poisoning  corresponded  to  a  unimolecular 
layer  of  the  poisc.n  on  the  catalyst  surface.  Kinetic  evidence  showed  two 
types  of  behavior.  Poisoning  by  mercuric  and  chloride  ions  did  not  involve 
reaction  with  hydrogen  peroxide;  but  in  the  case  of  cyanide  ion,  poisoning 
did  involve  reaction  with  the  peroxide. 

Niicuwatari  (266)  used  a  fundamental  pyrolysis  equation  to  derive 
first-and  second-  order  equations  applicable  to  the  decomposition  of  hydro- 
ger  peroxide  by  platinum  sol.  Experiments  were  conducted  in  order  to 
determine  the  ooisening  effecto  cf  CO,  HgCl^,  Hg(CN)2,  KCN,  and  KC1. 
Various  explanations  are  advanced  to  rationalize  tb~  inhibiting  effects. 

Gonzalez -Salazar  and  Blesa  (93)  observed  that  potassium  iodide 
inhibits  the  catalytic  decomposition  of  hydrogen  peroxide  by  colloidal 
platinum.  Reaction  rate  is  a  minimum  at  a  concentration  of  0,  146  mg  KI 
per  square  centimeter  of  platinum  sol  surface  area. 
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SECTION  XV. 


COPPER,  SILVER,  GOLD 


1.  COPPER 


a.  Metallic  Copper  *nd  Copper  Alloys 

Markovic  (243)  found  that  dilute  hydrogen  peroxide  was  de competed 
by  copper  at  20*  by  a  zero-order  reaction.  A  reaction  mechanism  was 
proposed  on  the  basis  of  adsorption  potentials  for  oxygen,  water,  and  hydro¬ 
gen  peroxide.  The  double  layer  on  copper  electrodes  in  hydrogen  peroxide 
solution  was  studied  by  measuring  the  growth  rate  of  polarization  potentials. 
It  was  found  that  only  high  peroxide  concentrations  affect  the  sire  of  the 
hydrogen  double  layer  and  that  the  charge  on  the  double  layer  in  a  nitrogen 
atmosphere  was  about  the  same  as  that  of  all  polycrystalline  metals. 

Kotkowski  (135)  determined  the  kinetics  of  decomposition  of  dilute 
solutions  of  hydrogen  peroxide  by  powdered  copper.  Solutions  containing 
0.3,  0.6,  and  0.  9  per  cent  HjO*  at  27,  37,  and  47*  were  examined.  Electro¬ 
lytic  copper  and  copper  reduced  in  hydrogen  gave  different  kinetic  equations 
that  permitted  distinguishing  the  two  processes.  In  the  case  of  electrolytic 
copper,  chemisorption  of  atomic  oxygen  (H*Oj  =  H*0  +  O)  was  followed  by 
desoprtion  (O  +  HjOj  *  HjO  +  Oj),  at  measurable  rates.  For  hydrogen- 
reduced  copper,  the  chemisorption  step  ia  so  fast  that  only  the  desorption 
rate  is  measurable.  It  was  found  that  the  rate  depended  more  on  the  degree 
of  dispersion  of  the  catalyst  than  it  did  on  the  catalyst  concentration. 

Rose  (301)  examined  the  activities  of  abraded  copper-copper  oxide 
foils  in  the  catalytic  decomposition  of  hydrogen  peroxide,  The  foils  were 
prepared  by  depositing  filmu  of  CujO  on  smooth  and  abraded  copper  sheets. 
The  reaction  was  studied  in  a  flow  reactor  at  40  to  100*C.  Abraded  foils 
were  more  active  than  smooth  ones,  particularly  at  low  temperatures. 
Smooth  foils  gave  an  activation  energy  of  IS.  4  kcnl/mole;  abraded  foils 
gave  9.2  kc&l/mole.  Since  no  significant  differences  in  surfaco  area  could 
be  detected,  increased  activity  with  abraded  foils  were  attributed  to  change** 
in  the  dislocation  site  density  caused  by  abrasion. 

On  the  basis  of  the  hypothesis  that  reactions  controlled  by  the  rate 
of  transfer  of  an  electron  from  metal  to  substrate  should  decrease  in  rate 
as  the  3d  band  begins  to  empty,  Dowden  and  Reynolds  (52)  conducted  experi¬ 
ments  using  nickel-copper  alloy  foils  to  decompose  hydrogen  peroxide.  Rate 
determinations  as  a  function  of  the  atomic  fraction  of  the  alloy  components 
provided  general  confirmation  of  the  hypothesis.  Activation  energies  and 
frequency  factorr  for  the  various  alloys  were  also  determined. 

Krause  and  Kotkow  ki  (178)  compared  the  activity  of  fresh  and  used 
catalysts  of  copper-iron  alloys  in  the  decomposition  of  hydrogen  peroxide. 


The  criteria  for  activity  was  the  rate  at  which  the  catalyst  decolorized 
indigo  carmine.  Mn(H),  Cu(II),  and  Fe(Il)  ions  were  adsorbed  on  fresh 
and  used  catalysts  and  the  activation  or  inhibition  towards  further  catalytic 
activity  observed.  Mn(Il)  inhibited  the  fresh  catalyst  but  activated  the  used 
catalyst.  Cu(II)  and  Fe(IU),  either  alone  or  in  combination,  activated  both 
catalysts. 

b.  Copper  Oxide  s  and  Hydroxides 

Shashkov  and  Krylova  (314)  studied  the  activity  and  magnetic  sus¬ 
ceptibility  changes  in  Cu,  CujO,  CuO,  and  CuOOH  during  repeated  use  as 
decomposition  catalysts  for  hydrogen  peroxide.  In  some  instances  it  was 
observed  that  the  changes  of  activity  in  one  catalyst  ingredient  were  com¬ 
pensated  roughly  by  opposite  changes  in  another  ingredient.  A  mixture 
of  Cu,  CujO,  CuO,  and  CuOOH  in  the  respective  ratios  by  weight  of 
50:62.5:57:73  gave  constant  activity  through  repeated  H*0*  decomposition 
processes.  The  following  mechanism  wss  postulated  to  account  for  the 
results: 


2 CuO  +  H*Oa  ~*CujO  +  HjO  +  O, 

OuO  +  HiOt  -2CuO  +  Hfi. 

Cu(II)  ions  were  said  to  constitute  the  active  centers  in  the  catalysts. 

Zhuravlev  and  Kolosova  (383)  examined  the  relation  between  the 
distribution  of  thermal  emf  over  the  surface  of  cupric  oxide  and  the  catalytic 
activity  of  the  oxide.  Cupric  oxidu  plates  were  prepared  by  compressing 
the  powder  at  400  kg/cm2,  followed  by  sintering  at  580*.  Measurements 
of  thermal  emf  potentials  over  the  surface  were  distributed  as  a  normal 
Gaussian  type  in  every  case,  though  average  deviations  from  the  normal 
varied.  Increased  deviation  from  the  normal  corresponded  to  an  increase 
in  the  catalytic  activity  towards  the  decomposition  of  hydrogen  peroxide. 
Thus  the  activity  was  higher  for  samples  with  a  flat  distribution  curve  than 
for  those  with  pointed  distributions.  It  is  concluded  that  since  the  probabil¬ 
ity  o  '  the  development  of  a  high-potential  field  between  adjacent  points  of 
the  surface  must  be  greater  for  catalysts  with  flat  emf  distributions,  the 
activity  in  those  cases  must  be  higher. 

Zhuravlev  and  Krurholyuk  (379)  measured  the  emf  of  a  cell  con¬ 
taining  hydrogen  peroxide  in  which  one  electrode  was  a  catalyst  and  the 
other  electrode  a  non-catalytic  conductor.  When  copper  oxide  (CuO)  was 
used  as  one  electrode  over  the  range  of  20  to  90*C,  the  emf  passed  through 
a  maximum  at  40*,  and  a  minimum  at  60*,  beyond  which  it  increased.  The 
decreaae  in  emf  in  the  temperature  region  of  40  to  60*  was  accompanied 
by  a  small  Increase  in  decomposition  rate,  which  indicates  that  there  is 
some  connection  between  the  emf  and  the  reaction  taking  place  in  the  cell. 
The  same  resulta  were  obtained  using  tine  oxide  on  copper  as  the  active 


electrode. 


Hart  and  Weir  (99)  used  thermiatore  to  study  rapid  change*  of 
catalytic  behavior  in  the  decompoaltion  of  1  to  4  N  KjOj  by  copper  oxide 
(CujO).  Temperature  changee  were  meaoured  by  thermiatore  at  the  up* 
etream  and  downatream  aurfacea  of  the  catalyat  in  a  flow  apparatua.  The 
temperature  difference*  were  extremely  aennitive  to  change*  in  activity  and 
provided  a  continuou*  measure  of  catalyat  efficiency.  Effect*  unobaervable 
in  a  eta  tic  ayatem  can  be  etudied  with  thia  technique. 

l^Ana  and  Mattner  (45)  reported  that  Cu(OH)i  catalysed  the  decom* 
poaition  of  alkaline  hydrogen  peroxide  according  to  a  firat-order  reaction. 
Baaed  on  the  fact  that  magneaium  hydroxide  adsorbs  trace*  of  copper  from 
solution,  a  aeries  of  experiments  waa  carried  out  to  determine  the  fixation 
by  Mg(OK)i  of  copper  dissolved  in  sodium  hydroxide  and  th  catalytic  action 
Of  copper  on  hydrogen  peroxide  in  1  N  NaOH  solution. 

Hart  and  Rosa  (100)  studied  the  decomposition  of  hydrogen  peroxide 
vapors  by  catalyat*  containing  equimolar  binary  mixture*  of  CuO  with 
FejO),  q*A1*Oj,  and  CojOj,  Catalysts  were  heated  to  600*  aa  part  of  the 
preparation.  A  mixture  of  CuO  and  FejO)  was  more  active  than  either  oxide 
separately.  CuO  *a*AliO}  mixture  was  no  more  active  than  CuO  alone. 

The  high  activity  of  CojO)  prevented  distinguishing  effect*  due  to  CuO  in 
CuO-CojOj  mixtures. 

The  effect  of  various  ions  on  the  activation  of  CuO,  sintered  at 
600*,  in  the  decomposition  of  hydrogen  peroxide  was  Investigated  by  Krause 
and  Wolski  (154).  Iron(lXI)  was  the  best  activator.  Thorium(lV),  manga* 
neae(H),  airconium(lV),  cobalt(H),  lead(XI),  lanthanum(UI),  and  mercury(Il) 
also  activated  CuO.  Alundmum(IQ)  waa  the  poorest  activator.  Chromium(W) 
ions  destroyed  the  catalytic  activity  of  CuO  completely.  Combination*  of 
the  above  ions  with  CuO  were  also  investigated  as  catalysts.  Cations  of 
th*  first*  and  aecond*group  elements  were  activators. 

Krause  and  Wosinska  (144)  studied  the  activation  and  inhibition 
of  copper  hydroxide  in  the  catalytic  decomposition  of  hydrogen  peroxide. 
Calcium,  magnesium,  and  cobait(IU)  hydroxides  activated  the  catalysts 
when  precipitated  with  Cu(OH)j.  Precipitation  with  beryllium,  lead(H),and 
nickel(H)  had  no  effect  on  the  catalysts.  Cadmium  and  nine  hydroxides  were 
inhibitors.  Calcium  and  magnesium  ion  do  not  appear  to  affect  the  catalyais, 
but  cobalt(II)  ion  inhibits  it. 

Krause  and  others  (163)  studied  the  effect  of  various  ions  on  the 
catalytic  activity  of  CujO  in  the  decomposition  of  hydrogen  peroxide  at 
3V*C.  Is  the  case  of  single  ion  species  on  Cu^O  aa  a  carrier,  catalytic 
activity  waa  increased  by  [  Ffe(CN)*]  4',  WO«J',  Mn(Il),  Fe(in),  and  Cu(II). 
Catalytic  activity  was  decreased  by  Al(EU),  Ni(Xl),  NaJ''  and  NH4+  .  It  was 
found  that  the  activity  of  catalysts  containing  mixtures  of  the  above  ions 


63 


depended  on  the  order  of  addition  of  the  iona  (an  effect  known  ae  catalytic 
mutation).  Mutation  waa  moat  pronounced  for  ordors  of  addition 
CujO-(  Fe(CN)tJ4*  -Fe(IH)  and  Cu*0-Fe(IH)-[  Fe(CN)*]4’,  and  the  aix  possi- 
bie  arrangementa  of  CuzO,  [Fe(CN)4]4*,  Fe (111)  and  Cu(II).  Catalytic  muta¬ 
tion  ia  obaervable  when  0.  01  gram  of  carrier  ia  mixed  with  1.  0  mg  of  the 
given  iona.  Krauae  and  Smoczkiewiczowa  (155)  evaluated  the  relative  acti- 
vitiea  of  14  iron  and  copper  minerala  in  the  decomposition  of  hydrogen 
peroxide.  Minerala  included  chalcocite,  covelite  I  and  II,  chalcopyrite, 
bornite  I  and  II,  cuprite  1  and  11,  malachite,  pyritea  1  and  Q,  marcaaite, 
hematite,  and  FeS.  The  action  of  the  various  metals  in  the  minerals  was 
■elective  and  specific. 

Koppen  (132,  133)  invented  a  means  for  determining  waate  waters 
from  the  poisoning  effects  of  biological  materials  in  the  catalytic  decompo¬ 
sition  of  hydrogen  peroxide.  Potassium  cyanide  shows  marked  effects  and 
therefore  illustrates  the  process.  The  rate  of  decomposition  of  30  per 
cent  HjOj  decreased  by  half  in  the  presenco  of  0.  000002  molar  KCN.  The 
effects  of  hardness,  pH,  and  dissolved  salts  can  be  buffered  by  adding 
about  0.  5  per  cent  of  glycine  to  the  solution.  The  method  is  general  for 
any  inhibitor  by  comparing  the  rates  for  a  test  substance  and  that  of  a 
blank.  Koppen  reported  that  low  concentration  of  KCN  accelerates  rather 
than  retards  the  decomposition  rate  for  hydrogen  peroxide  by  CuO,  mineral 
MnO|,  and  precipitated  ferric  oxyhydrate. 


c.  Other  Copper  Compounds 

The  effect  of  pyrolyzed  tetraethyl  lead  on  the  catalytic  activity  of 
a  copper  chromite  catalyst  for  decomposing  hydrogen  peroxide  was  deter¬ 
mined  by  Zhabrova  and  others  (376).  The  catalyst  material  was  prepared 
by  heating  CuCr04,  then  removing  excess  CuO  to  yield  a  material  corres¬ 
ponding  closely  to  CuCrj04.  The  friable,  porous,  crystalline  catalyst  was 
treated  with  tetraethyl  lead  in  solution  or  as  a  vapor.  The  mixture  was 
treated  thermally  or  photochemically  to  decompose  the  lead  compound. 

About  1/8  of  the  lead  was  taken  up  by  the  catalyst.  Hate  measurements  for 
the  decomposition  of  peroxide  (1. 7  molar)  showed  that  the  rate  reached  a 
maximum  for  a  catalyst  containing  3  per  cent  of  FbOj.  The  reaction  was 
first-order.  Although  the  rate  was  higher,  there  waa  practically  no  differ¬ 
ence  in  activation  energy  (20  kcal/mole)  between  the  promoted  and  unpro- 
meted  catalyst. 

Wolfram  (368)  measured  the  effect  of  added  silica  gel  on  the 
catalytic  activity  of  FeClj  (0. 1  Ml  and  CuCi*  / 0 .  05  M)  solutions.  Silica  gel 
of  3.  2  mVgram  and  60-100  micron  particle  size  was  used.  Adding  gel 
doubled  the  activity  of  CuClj,  but  alightly  decreased  the  activity  of  FeClj. 
Wolfram  suggested  that  in  the  case  of  CuClj  very  active  intermediates  such  as 
HjCu^O  are  formed.  In  the  case  of  FeClj,  active  micelles  that  form  are 
adsorbed  and  deactivated  on  silica  gel. 


Constable  and  Olianian  {36)  studied  the  variation  in  activation  energy 
for  the  decomposition  of  hydrogen  peroxide  on  copper  ferrocyanide.  For 
0. 1  mg/cc  of  CuaFe(CN)4  and  temperatures  of  2-48.4*,  the  reaction  followed 
the  relation  log  k  ■  7.  31  -  (3788/T)  +  (121.  3  pH/T),  where  T  is  the  absolute 
temperature.  The  apparent  activation  energy  depended  on  pH  according 
to  E*  ■  4.  57  (3758-121.  3  pH)  and  varied  from  17,  080  cal  at  pH  1  to 
11,  540  cal  at  pH  10. 

Constable  (37)  determined  the  catalytic  activities  of  (1)  copper 
ferrocyanide  (Cua[Fe(CN)4],  (2)  Prussian  blue,  Fe4[  Fe(CN)4]j,  and  (3) 
Turnbull's  blue,  Fes(  Fe(CN)4]a.  In  all  three  cases  the  reactions  followed 
the  relation  log  k  »  log  m  +  A  -  B/T  4  C(pH)/T,  where  k  is  the  unimolecular 
rate  constant  ( time  in  minutes  ),  m  is  the  catalyst  weight  (mg),  T  is  the 
absolute  temperature  and  A,  B,  and  C.  are  constants,  with  these  values  for 
the  above  catalysts  respectively  (1)  5.612,  3738,  121.31  (2)  4.809,  3243, 
98.6;  and  (3)  5.  108,  3275,  53.6. 

Erkut  (55)  reported  that  colloidal  Cua[Fe(CN)4]  is  an  excellent 
catalyst  for  decomposing  hydrogen  peroxide.  Catalytic  activity  was 
depressed  in  the  presence  of  salts  of  cobalt,  nickel,  cadmium,  lead,  mer¬ 
cury,  and  manganese.  Copper  salts  had  practically  no  effect.  Ferric 
chloride  and  alkaline  sulfide  solutions  increased  the  activity.  Erkut  also 
reported  that  Fea[Fc(CN)4]  did  not  significantly  catalyze  peroxide  decompo¬ 
sition,  and  that  the  ferrocyanides  of  nickel,  cobalt,  manganese,  cadmium, 
lead  and  silver  were  inactive. 

The  effect  of  hydrogen-ion  concentration  on  the  catalytic  activity 
of  copper  ferrocyanide  for  the  decomposition  of  hydrogen  peroxide  was 
studied  by  Kandare  and  Constable  (1 16).  Finely  divided  Cua[  Fe(CN)4]  was 
investigated  at  2-48*C  and  pH  2-10,  Phosphate  buffers  were  used  above 
pH  5.  The  reaction  was  unimolecular,  with  a  reaction  rate  constant  related 
to  pH  and  absolute  temperature  as  follows:  log  k  =  a-(b/T)  4  c(pH),  where 
a, b,  and  c  are  constants.  For  0.  1  mg/ml  of  Cuz[Fe(CN)4]  ,  a  »  3.  987, 
b  >  2746,  and  c  »  0.4039. 

Krause  (143)  reported  that  although  Al(lll)  ions  do  not  catalyze  the 
decomposition  of  hydrogen  peroxide,  they  do  promote  the  decompoeition 
by  copper-iron  ferrocyanide  gele.  Al(IH)  ions  inhibit  the  catalytic  activities 
of  CuO,  Al(OH)j-Cr(OH)i-Fe(OH)j,  Cu(OH)a-Pb{OH)a-Fe(OH)„  Mg(OH)a- 
-Cu(OH)j-Fe(OH)„  and  Coa[  Fe(CN)4]  gels. 

2.  SILVER 

a.  Metallic  Silver 

Davis  and  McCormick  (46)  presented  an  analysis  of  design  para¬ 
meters  in  the  use  of  samarium  oxide-coated  silver  catalyst  f;r  decomposing 
high-strength  hydrogen  peroxide  to  oxygen  and  superheated  steam.  Various 
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Applications  were  discussed. 


Shell  Development  Company  <31 6)  conducted  a  comprehensive 
program  in  1957-58  to  study  decomposition  catalysts  for  90  per  cent  hydro¬ 
gen  peroxide.  The  effects  of  impurities,  the  mechanism  of  the  reaction, 
effects  of  promoters,  silver  loss  rates,  and  new  catalysts  were  included. 

Silver  was  the  catalyst  of  principal  concern.  Detailed  analysis 
of  the  kinetics  of  decomposition  in  catalyst  beds  of  silver  screens  supported 
by  stainless  steel  screens  led  to  the  conclusion  that  there  are  four  reaction 
tones,  each  dominant  for  a  range  of  bulk  solution  temperatures. 

In  the  low  temperature  zone,  the  rate  is  probably  chemically  con¬ 
trolled.  Rate  varies  with  surface  parameters,  heat  transfer  (convection) 
to  the  solution  is  rapid,  and  the  catalyst  is  only  slightly  above  the  temper¬ 
ature  of  the  solution.  On  the  basis  of  experiments,  two  plausible  reaction 
mechanisms  are  proposed  for  the  reaction  in  this  zone. 

In  the  nucleate  boiling  zone,  liquid  contacts  the  surface  and  there¬ 
fore  the  catalyst  temperature  does  not  exceed  the  boiling  point  of  the  liquid. 

At  higher  temperature  the  nucleate  boiling  zone  changes  to  the  film 
boiling  zone.  Liquid  contact  no  longer  transfers  all  the  heat  from  the  sur¬ 
face,  a  vapor  zone  forms,  the  rate  of  decomposition  declines,  and  the 
catalyst  surface  temperature  exceeds  the  boiling  temperature  of  the  liquid. 

In  the  high  temperature  reaction  zone,  hydrogen  peroxide  decom¬ 
poses  rapidly  without  need  for  a  catalyst.  Homogeneous  decomposition  is 
rapid  in  both  liquid  and  vapor,  and  relatively  inert  materials  become  active 
heterogeneous  catalysts. 

The  effects  of  impurities  in  hydtoi/cn  peroxide  ot>  the  dr/comr^sition 
by  silver  were  studied  in  dotail.  This  work  was  aimed  at  gaining  a  more 
complete  understanding  of  how  impurities  modify  the  decomposition  mecha¬ 
nism.  It  was  concluded  that  quantitative  correlation  of  the  results  was  not 
possible  because  of  the  various  results  obtained  under  different  conditions, 
and  because  of  the  complex  behavior  of  mixed  impurities.  The  large  numbers 
of  Inorganic  and  organic  impurities  were  classified  as  poisons,  innocuous 
compounds,  or  promoters.  Ammonium  perfluorocaprylate  was  found  to 
greatly  promote  the  decomposition  by  silver  in  the  low  temperature  reaction 
zone.  The  rate  is  accelerated  by  a  factor  of  50  at  the  concentration  (0.  075 
gram/liter  HjOj)  of  maximum  activity.  Process  carbon  concentrate  behaved 
similarly,  but  to  a  lesser  extent. 

Among  the  other  catalyets  investigated,  an  alloy  of  1  per  cent  gold 
and  99  ?er  cent  silver  was  found  to  be  far  superior  to  silver  catalyst  alone. 
Decomposition  rates  were  higher  and  catalyst  loss  rate*  were  lower.  In 
practice  this  could  mean  faster  start-ups  at  low  temperatures  and  fewer 
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clogging  difficulties  caused  by  catalyst  deposition  downstream.  Other 
gold-silver  alloys  with  up  to  20  per  cent  of  gold  had  activites  comparable 
to  that  of  silver.  At  higher  gold  contents,  activity  was  much  lower. 

The  behavior  of  a  1  per  cent  palladium-in' silver  alloy  relative  to 
silver  alone  depended  on  the  decomposition  temperature.  At  low  tempera¬ 
tures,  the  activity  was  about  the  same  as  that  of  silver.  Activity  declined 
at  intermediate  temperatures  then  increased  markedly  at  212*F.  Very  high 
rates  of  silver  loss  were  apparent  in  this  alloy.  Increasing  the  palladium 
content  to  10  per  cent  reduced  the  silver  loss,  but  the  activity  was  also 
much  less. 

Experiments  with  silver -platinum,  silver-cooper,  and  silver- 
copper -iridium  alloys  indicated  that  activities  were  not  high  enough  for 
practical  applications  in  propulsion.  The  fact  that  copper  alloys  accelerated 
the  decomposition  rate  led  to  the  suggestion  that  copper  ion  in  solution  could 
provide  higher  decomposition  rates  by  homogeneous  decomposition  at  high 
temperatures. 

A  report  on  the  state  of  the  art  of  catalyst  packs  for  use  in  rocket 
applications  of  98  per  cent  hydrogen  peroxide  discussed  some  of  the  work 
carried  out  by  FMC  Corporation  before  1 962  (73),  Some  of  the  problems  of 
improving  catalyst  performance  and  design  were  also  covered. 

A  program  carried  out  in  1958  by  FMC  Corporation  (73)  was  designed 
specifically  to  develop  a  satisfactory  catalyst  for  rocket  applications  of  98 
per  cent  hydrogen  peroxide.  An  improved  approach  was  to  put  a  few  silver 
screens  above  a  section  of  Monel  screens  in  the  catalyst  pack.  Presumably 
the  silver  screens  would  start  the  decomposition  but  escape  the  high  temper¬ 
atures  produced  by  complete  decomposition.  Monel  screens  would  then 
complete  the  decomposition.  The  partial  success  of  the  system  led  to  the 
development  of  a  gas  generator  employing  it.  The  average  starting  transient 
of  1/2  second  (room  temperature  feed)  was  considered  a  drawback  for  some 
of  the  other  applications  of  interest.  Adding  fine-mesh  plated  silver  screens 
above  the  pure  silver  screens  already  in  the  catalyst  pack  reduced  starting 
transients,  but  erosion  was  severe  enough  to  remove  the  plating  within  throe 
etart*. 


A  aecond  approach  waa  to  uee  platinum- plated  steel  screens  alter¬ 
nated  with  Monel  ecreens  in  the  lower  part  of  the  catalyet  pack.  Starting 
tranaients  were  still  not  small  enough  and  the  Monel  screens  were  severely 
oxidised. 


Another  approach  was  to  replace  the  Monel  screens  with  nickel 
ecreens.  This  system  operated  satisfactorily  for  long  periods  but  starting 
transients  were  Unpractically  long. 

A  further  approach  was  to  use  cobalt-plated  iron  or  nickel  screens 
in  place  of  the  Monel  screen.  In  decomposition  trials  using  packs  containing 
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16  silver  screens  at  the  inlet  end,  cobalt  was  completely  eroded  from  the 
iron  screens.  Starting  transients  were  short,  but  increased  with  successive 
starts.  Cobalt-plated  nickel  screens  were  interspersed  with  oxidUed  nickel 
screens  in  order  to  test  the  possibility  that  electrochemical  interaction  would 
Increase  the  stability.  No  silver  screens  were  used  in  initial  tests.  Good 
performance  and  small  starting  transients  resulted,  but  again  the  transients 
increased  with  successive  starts.  When  the  16  silver  screens  were  u»%;d 
at  the  inlet  section  of  this  catalyst  pack,  starting  transients  changed  very 
little  in  successive  starts. 

In  1957  FMC  Corporation  (73)  conducted  a  program  on  the  develop- 
*  trumt  ot  a  gas  generator.  As  part  of  that  program  a  number  of  different 
catalysts,  including  copper-plated  nickel,  nickel,  Monel,  silver,  and  silver- 
plated  brass,  were  evaluated  for  decomposing  90  per  cent  hydrogen  peroxide. 
With  the  exception  of  silver  alone,  the  silver-plated  brass  catalyst  was  the 
most  active.  Repeated  tests,  however,  caused  the  plating  to  flake  off  and 
the  activity  to  decline.  It  was  suggested  that  improved  plating  techniques 
would  Improve  catalyst  performance. 

Under  a  Navy  contract  in  1953,  FMC  Corporation  (61)  investigated 
various  catalysts  in  an  attempt  to  prepare  an  effective  and  long-lived  cata¬ 
lyst  for  application  in  the  Alton  cycle  power  plant.  Of  the  formulations 
studied,  including  pellet-type  catalysts,  fine  silver  was  found  to  be  the  best. 
It  could  be  further  activated  by  treatment  with  a  2  per  cent  solution  of 
samarium  nitrate,  followed  by  heating  at  840* F  to  give  a  coating  of  the 
oxide.  Corregated  silver  spirals  were  found  to  be  the  best  forms  of  the 
catalyst  in  the  application. 

Laboratory  and  large  scale  tests  of  activities  of  several  different 
argent  (KMn04-coated  silver)  and  irium  (cobalt-plated  brass)  screens 
supplied  by  the  Naval  Underwater  Ordnance  Station  were  carried  out  by  FMC 
Corporation  in  1956-57  (67),  Laboratory  tests  indicated  that  irium  screens 
with  rough  surfaces  were  the  most  active  catalysts,  Smooth  argent  was 
closer  in  activity  to  rough  irium  screens  than  were  smooth  iriurr.  screens. 
Full-scale  teste  using  large  quantities  of  catalyst  did  not  give  the  same 
results  as  did  the  laboratory  data. 

Under  a  NASA  program,  Runckel  and  others  (275)  at  the  Langley 
Research  Center  investigated  the  effect  of  variation  in  screen  composition 
and  arrangement  on  the  performance  of  a  90*  and  98-per  cent  concentration 
hydrogen  peroxide  catalyst  beds  for  rocket  propulsion.  Conventioncal  cata¬ 
lyst  beds  with  certain  modifications  were  found  to  be  suitable  for  use  with 
a  98  per  cent  concentration  hydrogen  peroxide.  Up  to  25  silver  screens 
were  used  without  excessive  melting  of  silver  provided  they  were  located 
at  the  upstream  end  of  the  bed.  The  use  of  40-mesh  silver  screens  afforded 
better  starting  response  characteristics  than  20-mush  screens.  The  use 
of  2  per  cent  concentration  samarium  nitrate,  in  lieu  of  10  per  cent,  was 
found  to  be  adequate  for  treatment  of  silver  screens  under  certain  conditions. 


Bed  life  wki  sufficient  for  reaction-control-rocket  missions.  The  tests 
covered  environmental  temperatures  from  350*F  to  820*F  and  a  chamber 
pressure  range  from  100  to  315  pounds  per  square  inch  absolute. 

Runckel  and  others  (302)  investigated  silver  catalyst  beds  for  use 
with  98  per  cent  hydrogen  peroxide  in  reaction'* control  type  rocket  motors. 
Seven  types  of  catalyst  beds  of  lengths  from  1.  38  to  1.  50  Inches,  containing 
14  to  75  active  silver  screens,  packed  at  a  pressure  of  1000*1500  lb/sq  in. 
were  investigated  at  35~85*F.  Catalyst  beds  for  98  per  cent  hydrogen  per* 
oxide  with  performance  about  the  same  as  for  90  per  cent  peroxide  were 
obtained.  Melting  was  not  serious  when  25  silver  screens  were  used.  The 
40*mesh  screens  were  better  than  20*mesh  screens.  Treatment  of  the 
silver  screens  with  2 -per  cent  Sm(NO>}*  solutions  gave  better  performance 
than  treatment  with  concentration  of  10  per  cent.  The  best  results  were 
obtained  with  the  sereezu  arranged  as  follows:  2  pieces  of  20*mesh,  0.014 
inch,  stainless -steel  screen,  1  antichannel  baffle,  25  pieces  of  40*mesh 
0.  010-inch  silver  screens  treated  with  2  per  cent  Sm(NOt)j,  1  antichannel 
baffle,  and  60  pieces  of  20*mesh  0.  015-inch  nickel  screen  at  a  packing 
pressure  of  4000  lb/sq  in. 

Cooper  and  others  (3)  conducted  an  investigation  of  various  catalyst 
materials  that  might  be  useful  for  full-scale  propulsion  units  in  the  decom¬ 
position  of  concentrated  hydrogen  peroxide.  Silver  plated  on  copper  gauss 
was  found  to  be  the  outstanding  catalyst.  A  manganese  alloy  prepared  in 
the  form  of  scrolled  strips  showed  some  promise,  bat  a  cobalt-plated  gauze 
and  copper-lead  mixture  were  not  effective  catalysts. 

In  chamber  tests  using  silver-plated  copper  screens  it  was  found 
that  an  optimum  thickness  of  0.  004  inch  of  silver  deposited  on  16-to  20- 
mesh  screens  gave  good  results.  Quick  starts  were  achieved  by  putting 
some  anodized  screens  in  the  top  of  the  bed.  Good  starts  resulted  at  a  flow 
rate  of  60  pounds  per  square  inch.  Catalyst  life  was  3  to  4  hours,  after 
which  silver  was  stripped  from  the  support  screen. 

This  investigation  included  an  analysis  of  an  involved  concept  of 
ebullition  temperature  in  the  decomposition  of  HjO*  vapor  by  silver  screens. 

A  1959  U.S.  patent  to  De  Havilland  Engine  Co.  (97)  relates  to 
metal-catalyst  packs  employing  silver  catalyst  for  use  in  rocket  motors. 
Several  layers  of  transversely  corrugated  thin  strips  containing  a  catalyst, 
at  least  on  the  surface,  are  separated  by  thin  strips  of  the  same  material. 
The  strips  are  arranged  edge-on  to  the  fluid  flow. 

Jacob  (114)  obtained  an  East  German  patent  on  the  use  of  fuel-air- 
hydrogen  peroxide  mixtures  ignited  by  silver  or  platinum  wire  as  a  means 
for  starting  gas  turbines.  Hydrogen  peroxide  concentrations  above  70  per 
cent  are  used. 


Sounder*  (308)  obtained  a  U.  S.  patent  in  1049  on  a  eilver-plated 
activator  for  decomposing  hydrogen  peroxide  in  underwater  propulsion 
•yatems.  A  ateel  acreen  is  first  electroplated  with  silver  by  a  proceaa  that 
yields  a  porous  surface.  The  screen  is  then  coated  with  a  metal  permanga- 
nate  solution  and  dried  in  an  oven  at  1 00-110*. 

A  1957  U.  S.  patent  assigned  to  D.  Napier  and  Sons  (44)  relates  to 
a  catalyst  suitable  for  decomposing  high-strength  hydrogen  peroxide  in 
rocket  motors.  A  thin  layer  of  molten  catalytic  metal  is  sprayed  on  a  per¬ 
forated  support.  For  rocket  motors  silver  supported  by  a  copper  gauze  is 
preferred.  Start-up  times  are  shortened  by  anodizing  in  a  bath  of  sodium 
carbonate. 

In  a  1964  patent  assigned  to  Bell  Aerospace  Corp. ,  Sill  (324) 
described  a  thrust  chamber  catalyst  structure  useful  for  propulsion  units 
employing  decomposition  of  90  per  cent  hydrogen  peroxide.  The  catalytic 
bed  itself  consists  of  porous  nickel  plated  with  a  99:1  silver-gold  alloy 
having  open  surfaces.  The  alloy  is  plated  in  wrinkled  surface  form. 

Baumgartner  and  others  (13)  carried  out  extensive  quantitative 
studies  on  the  decomposition  of  90  per  cent  hydrogen  peroxide  on  silver 
surfaces  at  both  low  and  high  temperatures.  They  determined  rates  of 
hydrogen  peroxide  decomposition  and  silver  mass  loss  as  a  function  of  bulk 
solution  temperature,  hydrogen  peroxide  concentration,  and  pressure.  Two 
distinct  regions  exist,  corresponding  to  an  abrupt  change  in  mechanism. 

In  the  low  temperature  region,  the  rate  is  chemically  controlled;  in  the  high 
temperature  region,  the  rate  is  limited  by  heat  transfer. 

At  low  temperatures,  hydrogen  peroxide  decomposes  at  a  rat* 
proportional  to  catalyst  surface  area  and  peroxide  concentration.  Th.  rate 
of  silver  mass  less  is  proportional  to  the  catalyst  area  and  the  square  of 
the  peroxide  concentration.  Silver  (1)  ions  and  hydroxide  ions  present  in 
hydrogen  peroxide  solution  inhibit  the  rate  of  silver  loss.  In  this  region, 
reaction  rate  is  chemicaUy  controlled;  experimental  evidence  indicates  a 
chain  mechanism.  The  abrupt  transition  from  a  lower  to  a  higher  rate  is 
strongly  influenced  by  the  rate  of  decomposition  at  low  temperature. 

At  high  temperatures,  the  decomposition  rate  is  limited  by  heat 
transfer.  Evidence  for  this  is  that  at  constant  temperature  of  the  bulk 
solution,  both  the  catalyst  surface  temperature  and  the  decomposition  rate 
increase  with  increasing  pressure  in  a  way  expected  for  a  heat-transfer- 
limited  process.  Increasing  tho  bulk  solution  temperature  at  constant 
pressure  increases  slowly  the  catalyst  surface  temperature,  but  decreases 
slowly  the  decomposition  rate  and  the  silver  loss  rate. 

Sutton  (298)  reported  that  the  rate  of  decomposition  of  hydrogen 
peroxide  on  a  smooth  silver  surface  at  O'C  rises  linearly  with  concentra¬ 
tion  of  peroxide  up  to  about  50-60  percent  w/w  and  then  becomes  independent 
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of  concentration  up  to  about  70-80  per  cent  w/w.  At  etill  higher  concentra¬ 
tion*  the  rate  rises  again.  It  is  tentatively  concluded  that  decompoaition 
occur*  by  a  strictly  heterogeneous  mechanism  at  the  metal/liquid  interface 
in  concentrations  up  to  about  70-80  per  cent,  but  that  a  free-radical  chain 
mechanism  is  superimposed  above  this  concentration. 

According  to  Haslett  and  Pilato  (276)  the  decompoaition  of  liquid 
HjOj  on  a  silver  catalyst  is  complicated  by  the  existence  of  a  vapor  barrier 
at  high  peroxide  concentrations.  The  barrier  arises  because  localised 
decomposition  at  the  catalyst  surface  raises  the  temperature  of  the  silver 
far  above  the  boiling  point  of  the  peroxide,  and  liquid  approaching  it  is 
vaporized.  Passing  water  through  the  catalyst  can  lower  its  temperature 
and  suppress  the  vapor  barrier.  Under  these  conditions  the  decomposition 
is  changed  and  approaches  the  expected  behavior.  The  film  barrier  is  also 
diminished  by  increasing  the  pressure.  This  affords  a  greatly  altered 
decomposition  curve  and  supports  the  thesis  that  the  vapor  barrier  masks 
the  chemical  kinetics  of  the  decomposition.  Result*  with  the  pressure 
syetem  indicated  that  the  film  barrier  is  not  important  in  a  rocket  motor. 

As  the  pressure  in  the  reaction  chamber  is  increased,  the  silver  loss  is 
decreased. 

In  a  program  conducted  by  FMC  Corporation  (68),  silver  metal 
was  reacted  with  both  dilute  and  concentrated  HjP*  semi-adiabatically  and 
at  atmospheric  pressure.  A  method  was  developed  for  preparing  silver 
surfaces  which  were  reproducible  in  their  reactivity  toward  both  dilute  and 
concentrated  11*0*,  as  evidenced  by  the  rates  of  oxygen  evolution  measured 
in  the  static-type  reaction  systems.  The  pure  metal  was  found  to  be  more 
reactive  to  HjOj  than  metal  which  had  been  either  tarnished  by  exposure  to 
the  atmosphere  or  given  Sm(NOj)j  treatment.  In  the  case  of  tarnishing,  the 
initial  reaction  rate  is  believed  to  be  controlled  by  tht  diffusion  of  HjOj 
through  a  layer  of  combined  oxygen  on  the  silver  surface. 

The  Sm(NO})s-treated  metal  afforded  a  "catalyst"  which  was  not 
reproducible  in  activity  towards  HjOj.  The  nature  of  the  coating  produced 
by  euch  treatment  is  discussed.  The  phenomenon  of  Sm(NOj)}  "activation" 
of  pure  silver  surfaces  in  the  decomposition  of  concentrated  HjOj  was 
attributed  to  a  decrease  in  the  degree  of  vapor  binding  at  the  metal  surface. 
A  detailed  mechanism  for  this  reduced  vapor  binding  was  offered.  The 
merits  of  a  heterogeneous  surface,  composed  of  active  and  inactive  centers, 
are  discussed  with  respect  to  increased  efficiency  of  decomposition  of 
concentrated  hydrogen  peroxide. 

Results  indicated  that,  at  room  temperature  and  atmospheric 
pressure,  the  rate  limiting  process  in  the  decomposition  of  concentrated 
HjPi  is  the  migration  of  O*  and  water  vapor  bubbles  from  the  "catalyst" 
surface.  For  dilute  HjOj  of  high  purity,  the  primary  rate  controlling 
process  was  considered  to  be  oxidation  of  silver  metal. 
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The  reaction  between  pure  silver  and  5  per  cent  followed  first 
order  kinetics  very  closely;  Sm(NOj)j-treated  silver,  however,  reacted 
with  the  same  HzO*  to  give  very  nearly  a  zero  order  reaction.  The  latter 
reaction  therefore  appeared  to  be  controlled  by  the  rate  of  diffusion  through 
the  coating  formed  on  the  metal  surface  as  a  result  of  the  treatment. 

The  isothermal  reaction  between  silver  metal  and  90  per  centHzO* 
at  20*C  and  atmospheric  pressure  was  examined  in  detail  by  FMC  Corpora¬ 
tion  (69).  The  reaction  was  followed  by  measuring  the  rate  of  O*  evolution 
and  the  rate  of  dissolution  of  silver.  Calculations  were  made  in  such  a  way 
as  to  be  independent  of  the  silver  surface  area.  The  primary  reaction  was 
considered  to  be  oxidation  of  the  silver;  results  were  consistent  with  the 
idea  that  this  process  is  followed  by  free  radical  chain  reactions,  which  are 
responsible  for  the  major  portion  of  the  HjO*  decomposition,  the  mole  ratio 
of  Oj  evolved  to  silver  dissolved  was  „ound  to  be  in  the  order  of  102  in  the 
decomposition  of  90  per  cent  H202.  Vapor  phase  decomposition,  and  thermal 
decomposition  of  peroxide  vapors,  played  a  negligible  role  in  the  reaction. 
The  simultaneous  rate  controlling  factors  were  considered  to  be  the  oxida¬ 
tion  of  silver  and  the  concentration  of  adsorbed  free  radicals,  with  the 
possible  rate  limiting  process  being  the  migration  of  O*  bubbles  from  the 
reaction  surface. 

In  order  to  study  the  effect  of  trace  impurities  upon  the  reaction, 
the  following  compounds  were  added  singly  to  90  per  cent  HjOj  (unhydrated 
formulas  given):  NazS04,  NajP04.  Na*SnOj,  Na2SiOj,  NaCl,  KF,  NaCN, 
NaNQj,  CuS04,  A1Z(S04)„  <NH4)2S04,  KOH,  HtS04.  and  AgNO,.  In  no  case 
was  there  a  promotion  of  the  decomposition.  The  main  depressants,  Na3P04, 
Na^SnOj,  A1z(S04)j  and  AgNOJt  all  had  the  same  general  effect  upon  the 
decomposition,  i.  e. ,  the  rate  dropped  sharply  and  then  leveled  off  as  the 
impurity  concentration  increased.  In  no  case  were  impurities  visually 
observed  to  build  up  on  the  silver  surface.  This  fact,  coupled  with  measure¬ 
ments  of  the  ratio  02/Ag,  led  to  the  conclusion  that  trace  impurities  that 
lower  the  decomposition  rate  under  the  experimental  conditions  do  so  either 
by  capturing  fiee  radicals  or  by  affecting  the  adsorption  of  free  radicals  at 
the  reaction  surface. 

It  is  concluded  that  if  the  above  conclusions  are  correct,  silver 
metal  cannot  be  considered  a  true  catalyst  in  the  HjC*  decomposition. 

General  requirements  for  a  solid  reagent  for  H  f>i  decomposition,  based 
upon  the  silver  mechanism  study,  are  discussed. 

Bagg  (7)  measured  the  effect  of  pH  and  concentration  on  the  rate 
of  decomposition  of  H*Oj  by  a  single  crystal  of  silver.  Reaction  order 
var.ed  with  concentration  for  various  concentrations  of  up  to  1.8  molar 
HjOj  and  1. 0  normal  NaOH.  AgjO  was  identified  on  silver  crystals  after 
catalytic  decomposition  of  H*G4  and  silver(I)  ions  were  found  in  the  solution. 
The  first  order  reaction  at  0.  16  molar  H*Oj  and  1.  0  normal  NaOH  was 
postulated  to  proceed  as  follows: 
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(1)  2Ag  4  HO*"  —  Ag»0  f  OH* 

(2)  Ag*0  +  HOf  -  2Ag  4  OH*  +  O* 

The  kinetics  indicated  that  at  a  concentration  of  1 .  t  MHpj  the  silver  surface 
is  saturated  with  reacting  species. 

Maggs  and  Sutton  (2?9,  ?40)  studied  the  rate  of  silver  dissolution 
and  the  resultant  pH  changes  in  concentrated  hydrogen  peroxide. 

The  solubility  of  silver  in  15  to  80-per  cent  hydrogen  peroxide  was 
determined  by  direct  means  and  by  evaluating  the  [  Ag+  ]  [HO**]  ionic 
product  needed  to  start  rapid  catalysis  (239).  Solubility  was  constant  from 
-11  to  25*C.  Dissolution  rate  of  silver  in  hydrogen  peroxide  at  strengths 
over  50  per  cent  were  diffusion  controlled.  In  solutions  of  H*0*  containing 
Ag(X)  ion,  rapid  catalysis  was  initiated  when  the  solubility  product  of  AgO*H 
was  reached.  If  NaCl  was  present,  Agd  precipitated  in  the  diffusion  layer. 
Both  the  diffusion  of  Ag(l)  ion  from  the  silver  surface  and  of  chloride  ion  to 
the  silver  surface  were  considered  in  the  study  of  concentration  gradients. 

It  was  established  that  Ag+  and  HO**  formed  when  silver  dissolved 
in  20  to  80  per  cent  hydrogen  peroxide  (240),  Electronic  conductivity  meas¬ 
urements  revealed  that  pH  increased  proportionally  with  the  amount  of  silver 
dissolved,  giving  higher  values  at  the  two  extremes  of  concentration  than 
at  intermediate  concentrations.  The  acceleration  of  decomposition  rate  in 
H*Oz  saturated  with  silver  ions  was  attributed  to  the  continuous  precipitation 
of  silver  particles.  As  further  decomposition  decreased  the  H*0*  concen¬ 
tration,  Ag+  and  HO*"  were  removed  from  solution  in  accordance  with  the 
limiting  ionic  product. 

Wentworth  (253)  found  that  in  the  decomposition  of  hydrogen  per¬ 
oxide  by  silver  and  silver  salts,  no  catalysis  occurs  until  the  solubility 
product  of  Ag(OH)*  is  exceeded  in  the  solution.  When  the  solubility  product 
is  exceeded,  divalent  silver  can  be  reduced.  At  a  hydroxyl  concentration 
sufficient  to  initiate  catalysis,  the  silver  is  present  in  the  colloidal  state, 
the  decomposition  is  homogeneous,  and  the  reaction  is  first  order.  When 
the  silver  metal  Is  precipitated  the  reaction  is  zero  order.  The  evidence 
indicated  that  the  catalysis  proceeds  through  an  oxidation- reduction  mecha¬ 
nism  consistent  with  the  following  reactions: 

Ag  +  H*0*  +  2H+-  Agz+  4  2HiO 
Ag!+  +  H*0  -  AgO  4  2H+ 

AgO  4  H*0*  —  Ag  4  H*0  4  O*  . 
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Bliznakov  and  Feahev  (21,  23)  measured  the  effect  of  heating  silver 
catalysts  on  the  decomposition  of  hydrogen  peroxide.  Polished  99.  95  per 
cent  silver  plates  heated  in  air  for  various  times  and  temperatures  up  to 
920*C  provided  various  decomposition  rates.  Heating  at  750*  for  up  to  two 
minutes  gave  very  high  catalytic  activity.  Continued  heating  decreased  the 
activity  sharply;  a  minimum  was  reached  at  five  hours,  after  which  the 
activity  increased  slowly  to  a  constant  value  after  ten  hours.  Changes  in 
activity  were  attributed  to  silver  oxide  formation  on  the  catalyst  surface. 
Heating  the  catalyst  at  varied  temperatures  gave  a  maximum  activity  at 
about  500*. 

Heating  silver  in  vacuum  at  180*  gave  a  maximum  first-order  rate 
plot  for  a  heating  period  of  nine  hours.  Bliznakov  (23)  concluded  that 
chemisorbed  oxygen  is  necessary  for  the  decomposition. 

Krause  and  Hermannowna  (168)  noted  that  the  catalytic  activity  of 
silver  increases  if  the  catalyst  is  immersed  in  fresh  hydrogen  peroxide  at 
37*.  The  result  is  attributed  to  formation  of  colloidal  silver  through  inter* 
mediates  such  as  AgjO  or  silver  peroxide. 

Cota  and  others  (43)  found  that  among  14  catalysts  used  to  decom¬ 
pose  HjO*  in  solution*  containing  KtCOj  and  KOH,  silver  gave  the  highest 
decomposition  rate.  Silver  was  more  active  than  Pt  black,  Pd  black,  or 
Coi. iFeo.'Of,  which  were  the  other  moat  active  catalysts. 

Sviridov  and  others  (336,  337,  338)  investigated  the  catalytic  effects 
of  Ag-Ag)Cj04  mixtures  prepared  by  thermal  and  photochemical  decomposi¬ 
tion  of  AgtCjO*.  Activity  depended  in  a  complex  manner  on  the  quantity 
of  silver  in  the  mixture,  the  degree  of  crystallinity,  and  the  crystal  struc¬ 
ture.  Thermally  decomposed  AgjCjO*  gave  maximum  activity  for  silver 
content  of  35  per  cent.  Activity  increases  with  time  of  exposure  when  pure 
AgjCjO*  was  irradiated  with  ultraviolet  light.  Irradiation  with  gamma  rays 
had  little  effect  on  activity. 

The  relative  catalytic  activities  of  "atomic"  silver  and  crystalline 
silver  were  determined  by  Krylova  and  Kobozev  (205).  "Atomic"  silver  was 
in  the  form  of  a  dispersion  produced  by  the  chemical  reduction  of  silver 
salts.  Crystalline  silver  was  prepared  by  photo  reduction  of  silver  halides. 
The  crystalline  material  was  inactive  whereas  the  dispersion  was  very 
active. 


Kulakiy  and  others  (211)  studied  the  effect  of  silver  on  the  oxidation 
of  indigo  carmine  by  hydrogen  peroxide. 

b.  Silver  Alloys 

Mixtures  of  metals  with  silver  as  catalysts  for  decomposing  87,  2 
per  cent  hydrogen  peroxide  were  investigated  in  detail  by  FMC  Corporation  (73). 
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The  objective  of  this  work  wee  to  relate  the  enhancement  of  ailver  catalyst 
activity  by  additivea  to  the  thermal  conductivity  and  the  mode  of  heat  trana- 
fer  during  the  reaction.  Additivea  included  platinum,  gold,  silicon  carbide, 
and  atainlesa  steel. 

Silver-gold  and  silver- platinum  alloys  were  found  to  have  a  higher 
activity  than  silver  metal,  samarium  nitrate -treated  silver,  or  silver-ailica 
cermets. 

Silver  surface  area  changes  could  not  account  for  the  increased 
activity.  In  fact,  a  negative  correlation  was  found.  One  possibility  based 
on  the  heat  transfer  theory  is  that  "the  inactive  material  furnishes  a  pathway 
through  which  reaction  heat  can  be  transferred  to  the  liquid  H£>x,  thus  cooling 
the  silver.  This  cooling,  to  a  point,  could  increase  the  reaction  rate  due  to 
a  reduction  in  vapor  binding  over  the  Bilver  site." 

The  enhancement  of  silver  catalytic  activity  by  gold  is  offset  by 
the  tendency  of  gold  to  alloy  with  silver.  The  use  of  smaller  proportions  of 
gold  makes  it  possible  to  prepare  a  catalyst  having  a  continuous  phase  of 
silver  flocked  with  Ag-Au  alloy.  A  mixture  containing  10.  7  per  cent  of  gold 
was  pressed  into  a  pellet  and  examined  under  a  microscope.  Distinct  areas 
of  two  different  materials  were  observed.  Heating  to  1000*C  did  not  alter 
the  structure.  Catalytic  activity  toward  87  per  cent  Hjpj  was  hiph  and 
remained  high.  Higher  concentration  of  gold  tended  to  form  continuous  phase 
alloys  with  lower  activity. 

A  silver -platinum  catalyst  gave  extremely  high  activity,  which, 
however,  dropped  markedly  after  heating  the  catalyst  to  1000*C.  Consider  - 
able  shrinkage  o-'.virred  at  970*C.  Flockec  catalysts  similar  to  those 
observed  for  gold  anti  silver  are  suggested  as  possible  with  silver- platinum 
mixtures,  •  nich  apparently  do  not  alloy  below  970*C. 

Silicon  carbide  additive  gave  the  highest  start-up  activity.  This 
fact  appears  to  be  attributable  to  the  low  heat  conductivity,  but  this  cannot 
be  concluded  unequivocally. 

Stainless  steel  additive  gave  a  higher  specific  activity  than  did 
silicon  carbide 

As  part  of  a  program  conducted  by  FMC  Corporation  (72)  under 
U.S.  Navy  Contract  NOas  &8-689-C,  catalytic  decomposition  of  hydrogen 
peroxide  vapor,  and  vapor  binding  in  mixed  catalysts  were  studied. 

Hydrogen  peroxide  vapors  were  decomposed  at  about  200*C  over 
various  catalyst  materials  with  the  following  order  of  activities: 
silver  >  Monel >  platinum>  stainless  steel  (3 1 6 ) >  Pyrex>  Teflon.  The 
exceptional  activity  of  Monel  in  the  series  is  explained  by  a  proposed 


electrochemical  effect.  At  the  high  temperature  of  decompoeition,  the 
copper-nickel  alloys  are  presumed  to  exhibit  a  cell  effect  at  the  alloy  inter¬ 
faces,  yielding  increased  electron  densities  and  exceptional  activity  at 
those  points. 

A  second  phase  of  this  program  involved  a  study  of  ^nixed  catalysts 
designed  to  further  test  a  theory  of  vapor  binding.  Accordirj  to  the  theory, 
rapid  decomposition  of  hydrogen  peroxide  at  a  silver  surface  at  high  temper¬ 
atures  results  in  a  vapor  barrier  that  limits  the  rate  at  which  fresh  peroxide 
can  migrate  to  the  surface.  Catalyst  activity  of  silver  coated  with  samarium 
oxide  or  other  materials  that  modify  the  thermal  conductivity  at  the  surface 
is  enhanced  because  the  effect  of  the  vapor  barrier  is  diminished.  Temper¬ 
ature  build-up  at  reactive  silver  sites  is  curtailed  by  heat  withdrawal  to  the 
inert  additive.  Previously  it  had  been  shown  that  the  behavior  of  silver- 
silica,  silver-silicon  carbide,  silver-copper,  and  silver- gold  mixed  cata¬ 
lysts  was  apparently  in  accord  with  the  theory. 

To  further  examine  the  theory,  mixed  catalysts  of  silver  and  gold 
pellets  were  used  to  decompose  hydrogen  peroxide  (90  per  cent,  and  diluted). 
In  general,  the  experimental  results  confirmed  the  hypothesis,  at  least 
for  some  cases.  Activity  varied  with  gold  content  in  an  irregular  mann-r, 
and  peak  activities  were  greater  than  could  be  accounted  for  by  changes  in 
surface  area.  These  data  constitute  additional  evidence  that  the  theory  is 
correct  but  they  are  inconclusive  because  of  the  problems  encountered  in 
trying  to  achieve  reproducible  catalyst  surface  areas. 

Brief  experiments  were  conducted  as  an  attempt  to  confirm  the 
existence  of  a  "catalysis  point"  for  silver  in  the  decomposition  of  90  per 
cent  hydrogen  peroxide.  Maggs  and  Sutton  proposed  that  silver  decomposes 
peroxide  by  conversion  to  a  silver  compound  (such  as  AgOOH).  This  initial 
slow  decomposition  proceeds  until  the  solubility  product  of  the  dissolved 
compound  is  exceeded,  at  which  point  the  unstable  compound  precipitates 
and  decomposes,  releasing  silver  particles.  Contact  with  the  particles 
then  greatly  accelerates  the  decomposition.  This  is  known  as  the  "catalysis 
point. " 

Experiments  to  test  the  theory  involved  placing  a  silver  rod  in  90 
per  cent  HjOj  at  i6*C,  preventing  the  temperature  from  rising  above  20"C 
until  the  reaction  became  very  vigoroua  (catalysis  point).  In  repeated  tests 
of  duration  up  to  three  hours,  at  various  silver  losses  and  H*Qj  concentra¬ 
tion  decreases  to  9  per  cent,  the  rate  immediately  declined  when  the  silver 
rod  was  removed  from  the  reaction  mixture.  Had  a  catalysis  point  been 
reached,  the  reaction  would  be  expected  to  be  sustained,  at  least  for  brief 
periods,  after  removal  of  the  rods.  Thus  no  catalysis  point  was  observed. 

In  1963,  Walter  Kidde  and  Company  (359)  studied  the  anomalous 
behavior  of  silver  and  silver-nickel  alloys  as  catalysts  in  the  decomposition 
of  dilute  and  concentrated  H*Oj,  In  dilute  H*Oj,  decomposition  rate  was 
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found  to  increase  with  silver  content  of  a  a  liver -nickel  alloy  catalyst,  reaching 
a  maximum  at  100  per  cent  ellver.  In  concentrated  HjO*,  the  behavior  wai 
reversed:  the  higheat  decomposition  rate  was  obtained  for  a  catalyst  of  low 
•liver  content.  A  "gas  envelope"  hypothesis  Is  developed  to  explain  the 
anomalous  behavior,  and  extended  to  show  how  mixed  compositions  could 
be  used  to  sustain  peak  decomposition  rates  during  repeated  exposures  to 
H4O1,  and  how  to  achieve  sustained  activity. 

Catalytic  activity  was  also  shown  to  depend  upon  the  sintering  steps 
in  preparing  silver-nickel  catalysts  from  AgNOj  and  Ni(NO})i  mixtures. 

Slow  heating  is  essential  for  reducing  scatter  in  decomposition  data.  Rapid 
heating  leads  to  surface  eruptions  and  data  scatter. 

c.  Silver  and  Metal-Oxide  Mixed  Catalysts 

In  a  program  conducted  by  FMC  Corporation  (70),  cermet  catalysts, 
which  are  coihposed  of  inert  materials  dispersed  in  a  continuous  phase  of 
silver  metal,  showed  cigniilcantly  higher  activity  in  the  decomposition  of 
concentrated  hydrogen  peroxide  than  that  of  silver  metal  alone. 

The  effect  of  discrete  particles  of  eatalytically  inactive  material, 
uniformly  dispersed  in  a  continuous  phase  of  silver  metal,  upon  the  pheno¬ 
menon  of  vapor  binding  at  ellver  surfaces  in  contact  with  concentrated 
hydrogen  peroxide,  wme  investigated.  A  method  for  producing  the  desired 
surface  wae  developed  to  yield  a  cermet,  in  which  inactive  material  is 
uniformly  distributed  throughout  the  body  of  the  "catalyst."  The  behavior 
of  euch  cermete  toward  concentrated  hydrogen  peroxide  was  followed  by 
measuring  oxygen  evolution  rates  of  the  semi-adiabatic,  atmospheric  pres¬ 
sure  reactions. 

The  cermets,  prepared  in  pellet  form,  contained  silica,  silicon 
carbide,  or  copper  oxide  as  the  inert  material.  The  available  silver  areas 
of  cermet  surfaces  and  the  roughness  factors  were  estimated  by  reaction 
with  dilute  hydrogen  peroxide.  The  start-up  activity  of  all  cermets  with 
concentrated  H^Oj  was  higher  than  that  of  pure  silver,  and  markedly  higher 
than  that  shown  by  Sm(NO)})  treated  silver  surfaces. 

The  apparent  specific  activities  (reactivity  with  concentrated  HjO| 
per  unit  geometric  area  of  surface)  attained  with  cermets  was  as  high  as 
25  per  cent  of  the  value  found  for  consolidated  ellver  metal.  Reactivity  U 

with  concentrated  peroxide  per  unit  apparent  silver  surface  area  was  as 
Ugh  as  twenty  times  that  of  consolidated  silver. 

la  the  silica  series,  the  specific  activity  of  the  9. 1  per  cent  SiO* 
cermet  was  higher  than  those  containing  7.4  or  11.  5  per  cent  SiO*,  which 
indicated  a  maximum  somewhere  in  the  interval.  The  9.  1  per  cent  SiOi 
cermets  combined  the  merit*  of  high  activity  and  constancy  of  activity  with 
repeated  reaction. 
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The  behavior  of  the  surfaceo  with  repeated  reaction,  the  effect  of 
high  temperature*  upon  reactive  eurfacee,  and  the  effect  of  roughneae,  are 
discussed,  Silicon  carbide  and  ailica  cermeta  maintained  their  ahape, 
except  for  local  ailver  flow,  at  1000'C,  under  no  atreaa.  The  CuO  pellete, 
however,  melted  at  960*C  (melting  point  of  ailver)  or  below. 

The  deneity  of  the  9.  1  per  cent  SiOj  cermet,  found  to  be  5,  05  gm/cc 
(leaa  than  half  that  of  ailver  metal),  ahowa  the  poroua  nature  of  the  material. 
Compreaaion  of  cermeta  resulted  (with  one  exception)  in  a  decrease  in  * 

specific  activity. 

A  Sm(NOj)j  treated  ailver  pellet  was  studied  for  comparison.  Some 
eimilaritfea  in  the  behavior  of  the  latter  with  that  of  cermeta  tend  to  confirm 
that  Sm(NOj)j  activation  is  a  physical  and  not  a  chemical  phenomenon. 

Between  1957  and  1961,  a  series  of  patents  on  hydrogen  peroxide 
decomposition  catalysts  employing  silver  as  the  active  material  was  assigned 
to  D.  Napier  and  Son,  Ltd.,  England. 

Lane  and  Ramsden  (214)  obtained  a  British  patent  for  a  catalytic  bed 
employing  a  silver-copper  catalyst  suitable  for  rocket  propulsion  and  similar 
devices.  The  main  decomposition  chamber  is  filled  with  pellets  consisting 
of,  or  coated  with,  silver  mixed  with  small  amounts  of  copper.  A  catalyst 
of  the  same  composition  is  stacked  in  gauze  form  at  the  outlet  where  hydro¬ 
gen  peroxide  is  decomposed  into  steam  and  oxygen.  Decomposition  begins 
in  the  low-flow-rate  region  of  the  main  chamber  and  is  completed  at  the 
high-flow -rate  region  of  the  outlet. 

Lane  and  Strickland  (215)  obtained  a  British  patent  covering  a  catalyst 
for  instantaneous  decomposition  of  hydrogen  peroxide,  thus  eliminating  the 
delay  of  start-up.  Copper  gauze  is  abraded  with  crushed  grit,  then  degreased. 

Silver  is  hot  sprayed  on  the  gauze,  and  this  is  followed  by  anodizing  in  an 
alkaline  carbonate  solution.  The  gauze  ia  waehed,  placed  in  10-per  cent 
NH/OH  for  24  hours,  and  finally  washed  with  distilled  water  and  dried. 

Lane  and  others  (21?)  alao  patented  a  process  for  preparing  a  metallic 
ailver  catalyst  in  a  form  suitable  for  use  in  the  catalyst  bed  chamber 
described  in  the  earlier  patent  (215). 

Lane  (216)  obtained  a  German  patent  on  sintered  compositions  con¬ 
taining  powdered  ailver  and  copper  oxide  useful  for  decomposing  hydrogen 
peroxide.  The  preferred  catalyst  contained  87  per  cent  by  weight  of  silver. 

Luton  (219)  obtained  a  U.  S.  patent  covering  a  catalyst  made  by 
sintering  80  to  90  per  cent  of  silver  with  5  to  20  per  cent  of  copper  oxide. 

No  eutectic  forms  in  the  sintering  step,  in  contrast  to  the  case  where  metal¬ 
lic  copper  is  used.  The  pellets  can  be  heat  treated  nearly  to  the  melting 
point  of  silver. 
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Lax  ton  patented  in  Britain  (220)  and  Germany  (218)  a  catalyst,  baaed 
on  silver,  that  can  be  prepared  readily  in  tablet  form.  Active  ailver  ia 
mixed  with  inert  ingredients,  auch  ac  AljOj,  SiOj,  cr  SiC  (all  of  which  are 
atable  up  to  the  melting  point  of  ailver),  then  pelleted.  A  auitable  catalyat 
contain*  75  per  cent  of  ailver  and  25  per  cent  of  inert  material. 

Beginning  in  1958,  Rocketdyne  (299)  carried  out  an  extenaive  Navy- 
aponaored  program  on  the  propertiea  and  applicationa  of  hydrogen  peroxide. 
One  taak  of  the  program  comprised  the  development  of  catalyata  for  auatained 
decompoaition  of  90  per  cent  peroxide  and  for  uae  with  98  per  cent  peroxide. 

A  basic  catalyat  formulation  constated  of  a  mixture  of  ailver,  manga- 
neae  dioxide,  and  aluminum  oxide.  Aa  a  auapenaion  of  the  powders  in  oil 
and  alow  drying  lacquers,  the  catalyat  mixture  was  applied  as  a  coating  on 
stainless  steel  screens.  This  catalyat  was  thoroughly  tested  to  compare 
the  activities  of  modified  formulations. 

It  waa  found  that  adding  gold  to  the  baaic  catalyst  promoted  the  acti¬ 
vity  up  to  a  maximum  for  a  gold  concentration  of  about  2.  5  per  cent.  Adding 
glass  to  the  formulation  increased  the  adherence  of  the  coating. 

Catalyat  activity  declined  with  increasing  sintering  temperatures 
in  the  preparation.  However,  even  for  a  sintering  temperature  of  1 950*F 
the  catalyst  gave  a  decompoaition  rate  33  per  cent  higher  than  that  of 
conventional  silver-plated  screen  catalysts. 

Particle  six*,  of  38  to  74  microns  had  no  effect  on  catalytic  activity, 
but  particle  size  below  38  microns  increased  the  decomposition  rate  as 
much  as  48  per  cent. 

Sintering  the  catalyst  at  various  temperatures  after  samarium  oxide 
activation  had  no  discernible  effect.  Also,  substituting  samarium  oxide  for 
part  of  the  aluminum  oxide  in  the  basic  formulation  eliminated  the  need  for 
final  activation.  Using  40  to  60  per  cent  of  samsrium  oxide  in  place  of 
aluminum  oxide  improved  activity  and  the  adherence  of  the  coating. 

The  catalyst  formulations  developed  under  this  program  were 
demonstrated  to  maintain  their  activity  in  repeated  tests  with  90  and  98  per 
cent  hydrogen  peroxide. 

d.  Promoters,  Adsorbed-lon  Catalysts,  and  Poisons 

FMC  Corporation  (73)  investigated  in  1958-59  the  effect  of  added 
wetting  agents  on  the  catalytic  decomposition  of  90  per  cent  hydrogen  per¬ 
oxide  at  0*C.  FC-126,  Triton  X-l 00,  and  Deceresol  O  T  agents  produced 
a  25-fold  increase  in  the  rate  of  decomposition  by  sil-.  r.  The  lowest  con¬ 
centration  of  agent  at  which  promotion  occurred  was  30  to  40  mg/liter. 
Optimum  concentration  was  about  50  mg/liter;  at  this  concentration  there 


wm  no  appreciable  difference  in  behavior  among  the  wetting  agents.  Major 
emphasis  in  this  program  was  given  to  determination  of  impact  sensitivities 
and  compatability  and  storage  stability  using  concentrations  of  wetting  agents 
up  to  270  mg/litcr  of  HjOj. 

Shell  Internationale  Research  Maatschappij  N.  V.  (319)  patented  the 
use  of  alcohol  oxidation  products  as  promoters  for  the  decomposition  of 
hydrogen  peroxide  by  silver.  The  products  are  usually  obtained  as  residues 
from  the  distillation  of  the  partially  oxidised  alcoholic  mixture.  In  a  typical 
case, hydrogen  peroxide  (60*)  containing  400  mg  residue /liter  is  decomposed 
in  a  reactor  at  a  flow  rate  of  45  grams /minute  on  a  silver  catalyst  to  give 
oxygen  at  a  rate  of  4. 15  liter /min/ sq  cm  catalyst,  compared  to  2.  62 
liter/min/sq  cm  under  the  same  condition  without  the  promoter. 

A  1964  patent  to  Shell  Oil  Co.  (296)  relates  to  the  use  of  ammonium 
parfluorocaprylat*  as  a  promoter  for  decompooing  concentrated  hydrogen 
peroxide  with  silver.  At  0*C  a  silver  catalyst  decomposed  90  per  cent  per¬ 
oxide  containing  0.  075  gram  of  promoter  per  liter  at  a  rate  50  times  faster 
than  in  the  absence  of  the  promoter. 

In  a  1964  patent  assigned  to  Shell  Oil  Co. ,  Baumgartner  and  Roberta 
(14)  described  the  use  of  certain  promoters  that  increase  the  rate  of  cata¬ 
lytic  decomposition  of  30  to  100  per  cent  hydrogen  peroxide.  Promoters, 
such  as  the  residue  containing  organic  peroxides  resulting  from  the  manu¬ 
facture  of  hydrogen  peroxide,  particularly  Cj.s  alcohols,  aldehydes,  and 
ketones,  are  added  in  concentration  of  100  to  750  mg/liter  of  HP*.  The 
promoters  allow  start-up  temperatures  as  low  as  the  freezing  point  of  the 
hydrogen  peroxide  and  they  reduce  catalyst  loss  as  much  as  50  per  cent. 

A  1963  Shell  Oil  Co.  British  patent  (53)  covers  the  use  of  organic 
peroxide  or  hydroperoxide  residues  as  promoter*  for  the  silver -catalyzed 
decomposition  of  hydrogen  peroxide.  The  residue*  are  the  bottom  product 
obtained  during  the  purification  by  distillation  of  hydrogen  peroxide  manu¬ 
factured  by  the  u*e  of  aldehyde*  and  ketone*,  auch  a*  alkylanthraquinone 
or  primary  and  secondary  alcohol*.  Reaidue*  can  be  added  to  purified  or 
electrolytic  hydrogen  peroxide.  Preferred  concentration*  range  from  100 
to  750  mg  of  carbon  in  the  reaidue  per  liter  of  hydrogen  peroxide. 

Ordinarily,  silver  phosphate  doe*  not  catalyze  the  decomposition  of 
hydrogen  peroxide.  Krause  and  Zielinski  (162)  found,  however,  that  Cu(l), 
Cr(H2),  Mn(II),  and  Co(Q)  ion*  activated  the  catalyst  at  37*.  Fe(CN)*4'  in 
the  presence  of  AgjP04  acted  a*  a  stabilizer  for  hydrogen  peroxide.  The 
highest  activity  w*e  ohown  by  AgjFO*  with  Al(III),  Cu(II),  and  Fe(CN)44", 
added  in  that  .  rder  to  the  hydrogen  peroxide  solution  in  contact  with  AgjPO*. 

Krause  and  Domka  (200)  reported  that  the  activity  of  Ag(I)  ions  was 
greatly  increased  when  adsorbed  on  a  mixture  of  Al(OH)j  and  Co(OH)j.  An 
effect  was  observed  at  concentrations  as  low  as  10"10  gram  Ag  at  a  dilution 
of  1:6  x  10~U.  Ag(I)  ions  were  also  c&talytically  active  when  adsorbed  on 


alkaline  earth  carbonates 


Nikolaev  (281)  found  that  lone  of  silver,  cobalt,  and  nickel  adsorbed 
on  barium  aulfate  and  metaatannic  acid  led  to  inactivation  of  the  iona  towards  1 
the  decompoaition  of  hydrogen  peroxide. 

Kolerov  (129)  examined  the  effect  of  a  aeriea  of  ealta  diaeolved  in 
hydrogen  peroxide  on  tbe  catalytic  activities  of  MnOa,  charcoal,  and  silver 
powder.  Salts  included  NaOAc,  Na,S04.  NaNOj,  NaCl,  NaBr.  KOAc,  K2S04, 
KNOj,  KC1,  KBr,  and  sodium  and  potassium  tartrates.  In  general  the  effects 
of  the  anions  corresponded  to  the  Hoffmeister  series  (i.  e. ,  in  decreasing 
order  of  their  salting -out  effect  on  hydrophilic  solutions  or  in  tho  lowering 
of  gelation  temperature:  e.g. ,  SCN‘>I*>B  r"  >  NO|*  >  CIO**  >  Cl"  > 

>  C2Hj02”>  S04*).  Acetate  ion  on  charcoal  was  an  exception  because  of 
strong  adsorption.  Silver  powder  lost  its  activity  in  the  presence  of  Cl" 
and  Br".  Acetate  caused  a  marked  decline.  Ultraviolet  irradiation  of  the 
silver  and  MnO|  reduced  activity  in  a  manner  similar  to  rapid  aging, 
Irradiation  increased  the  activf  •  i  charcoal,  evidently  as  a  result  of 
superficial  oxidation  by  0|,  ozo.  is  produced  in  the  ultraviolet  and  can 
give  rise  to  active  centers. 

In  a  succeeding  study,  Kolarov  (130)  related  the  decline  in  activity 
of  silver  and  MnOa  to  the  solubility  products  of  AgCl,  AgCNS,  and  AgBr, 
and  to  limiting  anion  concentrations,  beyond  which  decomposition  ceases. 

The  effect  of  cations  was  also  investigated.  The  order  of  retarding  action 
in  the  caae  of  silver  wae  K<  Ba<  Ca  <  Mg  for  0. 16  and  0. 32  per  cent  hydrogen 
peroxide.  The  rate  increased  markedly  at  pH  4-5  and  reached  a  maximum 
at  pH  11.7.  The  corresponding  cation  order  for  MnOa  wae  K<  Mg  <  BawCa; 
activity  reached  a  maximum  at  pH  0,  5,  a  minimum  at  4, 2,  and  finally 
increased  up  to  pH  10  and  beyond. 

Laxarov  and  others  (221)  studied  the  effect  of  chloride  ion  on  decom¬ 
position  of  hydrogen  peroxide  by  silver  powder.  In  the  process,  Cl'replaces 
OH"  formed  at  the  silver  surface  during  decomposition.  The  rate  of  chemi¬ 
sorption  of  Cl"  Increases  with  H|02  concentration  up  to  0.  38  N  without  effect 
on  the  final  equilibrium.  Adsorption  of  Cl"  increases  at  high  temperature, 
and  lower  pH,  but  total  adsorption  is  independent  of  temperature  and  is 
1.41  a  10’*  gram-ions  per  gram  of  adsorbent  in  the  case  of  0.  38  N  HjOjand 
0.  013  N  KC1  solution.  Calculation  showed  that  Cl’  does  not  form  n  monolayer, 
but  penstrates  tbe  adsorbent. 

Similar  results  were  obtained  with  bromide,  iodide,  and  sulfate  ions 
(222),  The  procese  is  in  accord  with  specific  adsorption.  During  decompo¬ 
sition,  ths  ions  block  active  sitea  of  the  catalyst.  This  leads  to  an  increase 
in  pH  and  consequent  acceleration  of  the  rate  of  decomposition  of  peroxide. 

*  curve  of  activity  against  ion  concentration  passes  through  a  characteristic 
'maximum. 
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Bliznakov  and  Lazarov  (22)  measured  the  effect  of  KC1  dissolved  in 
a  0.  5  per  cent  solution  of  IIjOj  on  the  rate  of  catalytic  decomposition  of 
HjOj  by  silver.  Small  concentrations  of  KC1  markedly  promoted  the  reaction 
rate,  but  high  concentrations  decreased  the  rate  to  a  small  value.  At  high 
pH  the  effect  of  the  chloride  is  to  poison  the  catalyst.  Bliznakov  concludes 
that  the  concentration  of  chloride  affects  the  pH  of  tne  medium  and  therefore 
the  adsorption  processes  on  the  silver  surface.  A  kinetic  expression  relating 
chloride  concentration  to  the  hydrogen  peroxide  decomposition  rate  constant 
is  derived  and  a  consistent  mechanism  proposed. 

Krause  and  Olejnik  (139)  found  that  the  decomposition  of  hydrogen 
peroxide  by  AgjO  at  37*  was  retarded  by  H2CO.11,  HC1,  H2SO4,  NatS04, 

HjPO*  and  CHjCOOH,  presumably  as  a  result  of  complex  formation  with 
the  catalyst. 

3.  GOLD 

The  catalytic  properties  and  poisoning  of  gold  in  the  decomposition 
of  hydrogen  peroxide  were  examined  by  Krause  and  Hermann  (171).  Two 
gold  foils,  containing  0.  1  and  1.  5  per  cent  of  Cu  +'  Ag,  had  low  activities. 

The  foil  containing  0.  1  per  cent  additives  always  gave  t  higher  activity. 

Both  increased  in  activity  with  temperature.  Relative  first  order  rate 
constants  were  0.  9  and  1.  35.  As|0*  and  HjS  strongly  poisoned  both  catalysts, 
whereas  NaCN  activated  both. 

Q 

Tamura  and  others  (340)  studied  the  catalytic  decomposition  of  hydro- 
gen  peroxide  by  gold  sols  prepared  with  different  reducing  agents,  Sols 
prepared  in  HjOj  itself  gave  first-order  reactions  with  respect  to  H jp* 
concentration  and  catalyst  surface  area;  it  was  1/2  order  with  respect  to 
base  concentration.  About  20  kcal/mole  was  calculated  for  the  activation 
energy.  Higher  pH  increased  the  rate  and  yielded  a  linear  relation  between 
log  k  and  log  g  (zeta  potential).  A  thinner  electrical  double  layer  and  the 
greater  charge  density  of  the  sol  particles  yields  higher  activity.  Transfer 
of  electrons  from  gold  to  H2O2  was  concluded  to  be  the  rate -determining 
step. 


SECTION  XVI. 


ZINC,  CADMIUM,  MERCURY 


1.  ZINC 

Krause  and  Miedzinski  (169)  studied  the  influences  of  traces  of  metals 
oa  the  catalytic  activity  of  sine  hydroxide.  Although  Zu(OH)}  has  low  activity, 
37*,  adsorption  of  Ag(I)  and  Mn(2Z)  ions  greatly  increases  the  activity  at 
certain  concentrations.  Below  2  x  10*?  grams  Mn(II)  per  0. 1  gram  Zn(OH)t, 
the  ions  inhibit  the  decomposition.  The  most  active  ternary  catalyst  con¬ 
sisted  of  0. 1  gram  Zn(OH)2  +  2  x  10'*  gram  Co(H)  +  2  x  10**  gram  Mn(H). 

Krause  (159)  pointed  out  the  importance  of  lattice  imperfections 
("active  cental  >")  in  investigations  of  contact  catalysis.  A  method  involving 
the  decomposition  of  hydrogen  peroxide  was  proposed  as  a  means  for  deter¬ 
mining  imperfections.  It  consists  of  activation  of  a  catalytically  Inactive 
solid  by  adsorption  ions.  For  example,  inactive  ZnO  (heat-treated  at  1000*) 
was  activated  by  adsorption  of  Cu(II),  Co (II),  and  Na(I)  ions.  Fe*0,  con¬ 
taining  adsorbed  Co(II)  was  active  if  heated  to  700*,  but  inactive  if  heated 
to  800*.  Similar  experiments  were  used  to  confirm  the  transformation  of 
Y~A1jQj  into  a-AljOj  at  1000*. 

Nergararian  and  Markaham  (278)  found  that  both  cyanides  and  amides 
inhibit  the  decomposition  of  hydrogen  peroxide  at  infrared-irradiated  sine 
oxide  surfaces.  Analysis  showed  that  cyanates  are  formed  at  the  surface. 

The  process  is  described  as  a  competition  between  the  inhibiting  ion  and 
H|Oa  for  donating  electrons  to  the  photoar  iivsted  catalyst. 

2.  CADMIUM 

Krause  and  Winowski  (193)  used  cadmium  oxide  as  a  carrier  to 
illustrate  "catalytic  ion  antagonisms"  in  the  decomposition  of  hydrogen  per¬ 
oxide.  It  was  demonstrated  in  two  cases  that  the  catalytic  activity  of  one 
ion  on  the  carrier  depressed  by  the  adsorption  of  the  second  ion  even  if  the 
added  ion,  when  alone  on  the  carrier,  catalyzes  the  reaction.  It  was  found 
that  CdO  alone  or  the  ions  Mn(II),  La(HI),  and  Cr(III)  rluae  are  vory  weak 
catalysts.  Co  (II)  ions  have  little  more  activity,  and  the  ion  pairs  Co(£I) 
ions  have  little  more  activity,  and  the  ion  pairs  Co(U)  4-  La  (HI)  and  Mn(Il) 

4-  Cr(IQ)  slightly  accelerate  the  reaction.  In  experiments  with  ions  adsorbed 
on  CdO,  Mn(II)  and  Co(IX)  were  very  active,  Cr(Xl)  war  little  more  active 
than  the  weakly  active  La(IIl).  The  reaction  was  slower  for  the  combination 
Co(II)  +  La(HX)  than  with  Co(I2)  alone,  and  slower  for  Mn(H)  +  Cr(HI)  than 
with  Mn(H)  alone.  The  antagonism  was  .related  to  the  formation  of  complexes 
i  ad  the  blocking  by  a  stronger  complex  of  decomposition  by  an  active 
complex. 


Krause  and  others  (195)  studied  the  kinetics  of  catalytic  hydrogen 
peroxide  decomposition  by  various  ions  adsorbed  on  solid  carriers.  Cata¬ 
lysts  included  Co(Il)  on  CaOOs,  Co(XI)  on  CdO.  Mn(Il)  on  CdO,  and  Ag(l)  on 
CdO.  All  the  reactions  were  first  order  and  had  activation  energies  smaller 
than  the  non-catalyzed  reaction. 

3.  MERCURY 

The  rhythmic  catalysis  of  hydrogen  peroxide  decomposition  by 
metallic  mercury  was  studied  by  Ernst  (56).  Hydrogen  peroxide  in  contact 
with  mercury  did  not  begin  to  decompose  immediately,  but  passed  through 
a  latent  period,  then  became  periodic.  The  latency  period  decreased  as 
pH  increased  and  it  vanished  completely  at  very  high  pH,  where  the  reaction 
reached  a  constant  maximum  rate.  Lower  peroxide  concentrations  or 
higher  temperatures  had  the  same  effect  as  pH.  The  transition  frouv periodic 
to  continuous  catalysis  was  ascribed  to  diminishing  peroxide  concentration 
and  higher  pH.  Irregular  pulsations  in  activity  wore  observed  in  the  various 
transition  regions. 

Betha  (17)  studied  the  rhythmic  catalysis  of  hydrogen  peroxide  by  a 
mercury  surface.  Catalysis  by  mercury  is  greatly  affected  by  pH.  At  high 
pH  the  reaction  is  continuous,  at  intermediate  values  it  varies,  and  at  low 
pH  it  is  negligible.  An  active  surface  changes  to  a  passive  one  at  a  pH  that 
depends  on  the  content  of  foreign  ions;  usually  the  pH  is  higher  for  higher 
ion  contents.  For  active  mercury,  cathodic  polarization  promotes  catalysis 
and  increases  the  pH,  whereas  anodic  polarization  gives  opposite  results. 

For  passive  mercury,  the  effects  of  polarisation  are  reversed,  which  is 
ascribed  to  a  change  at  the  phase  boundary  from  mercury  to  an  oxide  film. 
Depending  on  pH  and  other  conditions,  agitation  can  promote  or  inhibit  the 
catalysis.  For  active  mercury,  the  potential  between  it  and  a  platinum 
electrode  in  the  H^Oj  solution  increased  with  activity.  The  potential 
decreased  if  the  mercury  was  passive. 

Bagotskii  and  YabloHova  (8)  carried  out  electrochemical  experiments 
aimed  at  determining  the  mechanism  of  catalytic  decomposition  of  hydrogen 
peroxide  on  metallic  mercury.  Decomposition  of  0,  09-0.  3  N  H/Dj  at  pH 
12-13  by  a  mercury  electrode,  corrected  for  non-catalyzed  decomposition, 
was  studied*.  Both  the  potential  measurements  of  the  mercury  electrode 
during  decomposition  and  the  rate  of  the  reaction  gave  values  that  had  been 
predicted  from  previously  determined  polarization  curves  obtained  by 
cathodic  and  anodic  polarization  of  a  mercury  dropping  electrode.  The 
results  support  a  theory  that  the  reaction  involves  a  mechanism  of  simul¬ 
taneous  reduction  and  oxidation  of  H*Oj  at  different  points  of  the  surface. 

Gardiner  (84)  used  electrochemical  methods  to  investigate  the 
periodic  catalysis  of  hydrogen  peroxide  decomposition  by  metallic  mercury. 
The  phenomenon  was  of  interest  because  of  possible  analogy  to  physiological 
irritation  mechanisms  in  living  organisms. 
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Krause  (157)  carried  out  a  short  series  o£  experiments  to  determine 
the  catalytic  effect  of  ions  supported  on  various  solid  compounds  of  mercury. 
Both  cations  (Co(IU),  Al(in),  Mn(H),  Fe(IH)),  and  anions  (A cO',  Br", 
[Fe(CN)*]  [Fe(CN)4],_)  were  supported  on  Hgl*,  HgS,  Hg*0,  and  HgO. 


SECTION  xvn. 


GALLIUM,  INDIUM,  THALLIUM 


Krause  tad  Blawacka  (190)  found  that  the  rate  of  catalytic  decompoaition 
of  3  per  cent  hydrogen  peroxide  by  TljOj  at  37*  ia  a  firat-order  reaction 
having  a  minimum  reaction  rate  at  a  concentration  of  5  mg/ 150  ml  and  a 
maximum  rate  at  1.  5  mg/150  ml.  The  behavior  of  thia  catalyat  la  described 
aa  "latent  activity." 

Tl|Oj  was  used  e.s  a  carrier  to  determine  the  catalytic  activitiea  of 
r  seriea  of  metal  ions  in  the  decompoaition  of  hydrogen  peroxide  at  37*  (185). 
Co(D)  ions  especially  promoted  the  reaction.  Other  promoters,  according 
to  decreasing  activity,  were  Ag(I),  Mn(II),  Cu(H),  Al(QI),  and  Pb(II).  Iona 
that  were  ineffective  include  Na+  ,  K+  ,  Ca+  ,  Be*+  ,  Mg*  ,  Ni(II),  UO/+  , 
La(IH),  Cl'.NOr,  SO/*,  Fe(CN)/',  and  Fe(CN)/\  A  mixed  ion  promoter 
of  Co(Q)  -  Ag(I)  *  Cu(D)  was  very  active. 

It  was  later  reported  that  adsorbing  ion  paira  such  aa  Co(H)-Mn(U) 
and  Co(H)>Zn(U)  on  TljOj  carrier  could  produce  the  so-called  "ion  antago¬ 
nism"  (186),  This  refers  to  the  lower  catalytic  activity  obtained  by  adding 
the  ions  simultanec  isly  from  a  mixture,  as  compared  to  the  higher  acti¬ 
vity  obtained  by  adding  each  in  separately. 


SECTION  xvm. 


LANTHANIDES  AND  ACTINIDES 


Kbodakov  and  Minachev  (119)  studied  the  kinetics  of  peroxide  decom- 
position  by  lanthanum  hydroxides.  Experimental  data  for  y -irradiated  and 
nonir radiated  La(OH)j  were  obtained  to  confirm  a  complex  set  of  equations 
derived  from  a  postulated  mechanism.  The  mechanism  involved  the  form¬ 
ation  of  an  intermediate  complex  of  the  type  (  La(OH)}*  HjO*]*  HjO,.  The 
energy  of  activation  for  decompoeition  of  the  complex  wae  determined  to 
be  24  kcal/mole. 

Krause  and  Posswinski  (156)  studied  the  catalytic  activities  of  a 
series  of  uranium  oxides  in  the  decomposition  of  hydrogen  peroxide  at  37*. 
UO„  UOj,  UjOsi  and  hydrated  U04  were  included.  The  highest  activity 
was  obtained  with  UjOi  thermally  treated  at  800  and  1000*.  UOa  was  less 
actives  U04  and  UO,  were  least  active,  and  both  had  very  small  activities. 

Nabe  and  Gyani  (273)  studied  the  kinetics  of  hydrogen  peroxide 
(0. 350-0. 022 M)  catalytic  decomposition  by  hydrated  CeOj  at  25-40*.  The 
first-order  rate  constant  was  initially  unchanged,  but  it  declined  in  value 
as  the  reaction  proceeded.  The  activation  energy  of  1200  cal/mole  was 
considered  low.  Dehydration  of  the  oxide  wae  accompanied  by  a  decline 
in  activity  up  to  730*,  where  all  activity  vanished. 

Maxted  and  Ismail  (261)  used  platinum  catalysts  activated  by  rare 
earth  and  other  oxides  for  the  decomposition  of  hydrogen  peroxide  at  20*. 

The  order  of  reactivities  for  various  promoters  was  found  to  be 
TbO*>  ZrOj>  Cr*0,>  CeO>  MgO>  TiO*>  VO,<  La£)s>  PriO,»>  TlxO»>  Sn>p,. 
The  catalyst  activity  increased  to  a  maximum  with  promoter  content  and 
then  declined  as  the  oxide -to -platinum  ratio  increased.  The  activity 
Increases  were  large.  ThO»  and  ZrOj  yielded  nearly  9  times  the  value  of 
unpromoted  platinum  at  the  peak. 

Zubovieh  (391)  investigated  the  activities  of  mixed  adsorption  catalysts 
adsorbed  on  sugar  charcoal.  Catalyst  mixtures  included  (1)  Pd-Ag,  (2)Pd-Au, 
(3)  Pt-ZaO-hin(II)  ions,  and  (4)  Fe(]H)  iona-Ln(m)  ions  (where  La  *  Lu,  Pr, 
Nd,  S m,  or  Yb).  Different  results  were  obtained  for  each  catalyst  when 
activity  was  plotted  against  the  atomic  ratios  of  the  active  components. 

Catalyst  (1)  yielded  a  minimum  and  catalyst  (2)  yielded  a  maximum,  regard¬ 
less  of  the  method  of  preparation.  Catalyst  (3)  yielded  a  sharp  minimum 
when  very  small  amounts  of  additives  were  used.  Catalyst  (4)  yielded  a 
monotonic  increase  in  activity  with  Increased  amounts  of  additives.  The 
chemical  and  magnetic  properties  of  the  elements  are  used  to  explain  the 
correlations  obtained  between  catalytic  activities  and  magnetic  suscepti¬ 
bilities. 
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Tha  effect  of  adsorbed  lanthanide  iona  on  the  catalytic  activitiea  of 
platinum  and  palladium  catalysts  supported  on  barium  sulfate  and  sugar 
charcoal  were  also  investigated  by  Zubovich(392).  Lanthanides  were  adsorbed 
as  the  chlorides  of  trivalent  lanthanum,  praseodymium,  neodymium, 
samarium,  europium,  gadolinium,  and  lutetium.  It  was  found  in  all  cases 
that  small  doses  of  the  lanthanides  activated  both  platinum  and  palladium, 
and  yielded  maximum  activities  at  ratios  of  Pt  (or  Pd)  to  Ln(IP)  of  less 
than  25  to  1.  There  was  no  evidence  of  homogeneous  decomposition  by 
dissolved  ions,  nor  of  heterogeneous  decomposition  by  lanthanides  adsorbed 
on  barium  sulfate.  Some  activity  of  the  ions  adsorbed  on  sugar  charcoal 
was  observed. 

The  behavior  of  the  lanthanides  was  contrasted  with  that  of  the 
d->transition  elements.  Mn(U),  Fe(HI),  Co(Q),  Ni(It),  and  Cu(ll)  reduce  in 
decreasing  order  the  catalytic  activity  of  palladium,  silver,  and  platinum. 
Unlike  the  f 'transition  elements,  the  d- transition  elements  markedly 
decrease  activity  of  the  lowest  concentrations.  The  differences  in  catalytic 
behavior  led  to  the  suggestion  that  the  100-fold  difference  in  crystal  field 
splitting  energies  accounts  qualitatively  for  the  catalytic  action  of  the  tri¬ 
valent  lone  of  the  lanthanides  in  dilute  adsorption  layers. 

Wolstd  (371)  determined  the  catalytic  activitiea  of  lanthanum, 
praseodymium,  and  especially  samarium  hydroxides  in  decomposing  hydro¬ 
gen  peroxide  at  37*.  5m(OH)2  was  an  ineffective  catalyst,  and  it  could  be 

activated  only  by  adsorbing  Cu(U)  ions.  The  activation  is  presumed  due  to 
the  formation  of  copper  samarate,  which  can  initiate  the  chain  decomposi¬ 
tion.  Adding  Croup  Q  ions  further  increased  the  activity  of  the  mixed  cata¬ 
lyst,  presumably  by  promoting  the  activity  of  copper  samarate. 

Krause  and  Slawek  (197)  used  the  effect  on  catalytic  decomposition 
of  hydrogen  peroxide  as  a  means  for  differentiating  rare  oxides.  Theoxtdes 
LajO),  CeOj,  NdrOj,  and  Pr^Ou  strongly  inhibit  the  catalysis  by  mixtures 
of  Mn(II)/Cu(lI)  and  Mn(n)/Co(]J)  ion  paire.  The  fact  that  the  decomposition 
rate  increases  according  to  LajOj  <  Pr*0|j<  NdjOj<  CeOj  can  be  used  to 
determine  the  different  rare  earths. 
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SECTION  XIX. 


THERMAL  DECOMPOSITION 


Shall  Development  Company  (315,  31?)  conducted  a  two-year  program 
(1 956*58)  of  research  on  the  thermal  stability  of  90  per  cent  hydrogen  per¬ 
oxide.  The  principal  concern  was  the  safety  hazards  associated  with  the 
use  of  hydrogen  peroxide  in  rocket  applications.  The  explosion  limits  of 
the  vapor  were  determined  as  a  function  of  composition,  temperature,  and 
pressure  up  to  100  psia.  Heat  transfer  and  drop-weight  test  data  were  also 
determined.  A  large  part  of  the  experimental  work  was  devoted  to  a  study 
of  the  effects  of  impurities,  such  as  those  encountered  with  typical  peroxide 
containers,  on  the  kinetics  of  decomposition. 

Whittaker  and  Drew  (366)  investigated  the  thermal  decomposition  of 
concentrated  hydrogen  peroxide  in  quarts,  dust-free  vessels.  The  results 
indicated  that  the  reaction  was  sero-order,  but  they  were  not  precise 
enough  to  eliminate  the  possibility  of  a  half-order  reaction.  Between  59.  3 
and  86. 3*  the  activation  energy  was  14.4  kcal/mole  and  the  collision  factor 
was  about  104  mole/liter. 

Williams  and  others  (367)  published  a  paper  on  the  calculation 
of  adiabatic  decomposition  temperatures  of  aqueous  hydrogen  peroxide  solu¬ 
tions.  The  temperature  end  states  attained  on  the  fractional  adiabatic  de¬ 
composition  of  peroxide  eolutions  were  calculated  using  the  best  available 
thermodynamic  data.  The  technique  of  calculation  is  described  and  graphical 
presentations  are  given  of  the  temperature,  and  liquid  and  vapor  composi¬ 
tions  as  a  function  of  the  fraction  of  hydrogen  peroxide  decomposed  for 
several  initial  solution  concentrations  and  at  several  pressures. 

Gigu&re  (90)  investigated  the  thermal  decomposition  of  hydrogen 
peroxide  vapor  at  low  partial  pressures  (1  to  6  mm)  of  water  in  the  range 
to  50  420*C.  The  objective  was  to  determine  the  effect  of  the  nature  and 
treatment  of  the  active  surfaces  on  the  reaction.  Soft  glass,  Fyrex,  quartz, 
and  metalised  surfaces  were  used.  In  most  esses  the  decomposition  was 
mainly  first  order  but  the  rates  varied  markedly  from  one  veseel  to  another, 
even  with  vessele  made  of  the  same  kind  of  glass.  On  a  quartz  surface  the 
decomposition  was  prsceded  by  an  induction  psriod  at  low  temperatures. 
Fusing  the  glase  veesele  slowed  the  reaction  coneiderably  and  increased 
its  apparent  activation  energy;  this  effect  was  destroyed  by  acid  washing. 
Attempts  to  poison  ths  surface  with  hydrocyanic  add  gave  no  noticeable 
result.  The  marked  importance  of  surface  effects  at  all  temperatures  was 
considered  an  indication  that  the  reaction  was  predominately  heterogeneous. 
Apparent  activation  energies  ranged  from  8  to  20  keal.  It  was  concluded 
that  the  decomposition  of  H/3|  vapor  is  not  very  specific  as  far  as  the  nature 
of  the  catalyst  le  concerned. 


Gigu&re  and  Liu  (91,  92)used  a  static  method  to  determine  the  kinetics 
of  thermal  decomposition  of  hydrogen  peroxide  at  0,  2  to  20  mm  Hg  pressure 
and  from  300  to  600*.  The  reactions  were  first  order  with  respect  to  time. 
Water  and  oxygen  were  tho  products.  Up  to  400*  the  surface  reaction  was 
predominate,  but  above  that  the  phase  reaction  was  faster.  The  activation 
energy  of  48  kcal/mole  for  the  oversell  reaction  corresponds  to  the  0-0 
bond  dissociation  energy.  The  suggested  mechanism  is: 


(1)  H|0j'*20H  (rate  determining) 

(2)  OH  +  HjOj  «  H,0  +  HO, 

(3)  HO,  +  HO,  =  HjO,  4  O, 

(4)  HO,  +  OH  =  H,0  +  O,  . 


Yatsimirskii  (374)  studied  in  detail  the  energy  characteristics  of 
the  particles  produced  by  the  dissociation  of  hydrogen  peroxide  vapors  and 
of  hydrogen  peroxide  in  solution.  Electron  affinities,  proton  affinities,  and 
heats  of  hydration  and  formation  in  aqueous  solution  were  determined  for 
H+,  0+,  OH+,  0,H+,  H.  O,  OH,  O,,  0,H.  0,H,,  H*.  O',  OH*,  O,’,  0,H-( 
and  O,**.  The  heat  effects  of  H,0,  dissociation  in  the  vapor  phase  and  in 
solution  are  related  to  the  number  and  types  of  particles  produced. 

The  thermal  decomposition  of  hydrogen  peroxide  vapor  in  glass 
vessels  was  considered  by  Baker  and  Ouellet  (9).  A  first-order  hetero¬ 
geneous  reaction  was  observed  up  to  140*.  At  higher  temperatures  the 
kinetics  were  more  complicated.  The  rate  was  unaffected  by  air,  carbon 
dioxide,  or  water  vapor,  but  did  depend  on  the  shape  of  the  vessel.  The 
reaction  was  very  much  faster  on  soda  glass  than  on  Pyrex  glass.  No 
explosion  occurred  in  experiments  up  to  335*  and  18  cm  Hg  pressure. 
Activation  energies  ranged  from  13.5  to  18.5  kg-cal/mole. 

Forst  (78)  found  that  the  thermal  decomposition  of  hydrogen  peroxide 
followed  second-order  unimolecular  kinetics.  Experiments  were  conducted 
using  HjO,  O,,  and  He  as  diluent  gases  at  431*,  and  helium  at  431-468*. 
Pressuree  were  below  100  mm  Hg.  Below  10  mm  and  at  431. 5*,  the 
reaction  was  65  per  cent  homogeneous.  Foreign  gases  inhibited  the  hetero¬ 
geneous  reaction,  and  helium  above  431.  5*  completely  inhibited  it.  The 
activation  energy  was  45  kcal/mole.  The  critical  energy  of  48  kcal/mole 
corresponds  to  the  0-0  bond  strength. 
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Baldwin  and  other*  (11)  studied  the  kinetics  of  the  thermal  decompo¬ 
sition  of  hydrogen  peroxide  in  the  presence  of  hydrogen.  The  studies  were 
based  on  a  mechanism  proposed  originally  by  Baldwin  and  Brattan  (10)  and 
later  by  Forst  (79): 


(1)  H«0]+  X(«Hj,N,)  »  20H  +  X 


(2) 

OH  4  H,  « 

11,0  4  H 

(3) 

H  4  H,0,  « 

HxO  4  OH 

(4) 

H  4  HjP,  » 

H,  4  HO, 

(3) 

OH  4  H,0,  - 

HjG  4  HO, 

(6) 

2 HO,  « 

H,0,  4  O, 

(7) 

H  4  0,4  X  ■ 

HO,  4  X 

If  it  is  assumed  that  the  relative  coefficients  of  Hi  and  N,  in  reactions  (1) 
and  (7)  are  identical,  sad  because  for  (7),  k-,  /k«»  ■  0.43  and  for  (1), 
k«/kN  a  6-7,  the  calculated  value  for  (1)  *  *is  kH  / k_«  0,33-0.  38, 

wnere*p  *  HjOj.  A  plot  of  experimental  data  gave  a  *  ratio  of  0.  30, 
which  indicates  that  no  additional  reactions  have  to  be  postulated  to  explain 
the  reaction. 

Hoar*  and  others  (107, 108)  used  a  flow  system  to  study  the  thermal 
decomposition  of  hydrogen  peroxide  vapor  from  241  to  659*.  Above  420* 
the  predominate  reaction  was  a  second-order  homogeneous  decomposition 
with  the  following  proposed  mechanism: 

(1)  HjOi  4  M  —  ZOH  4  M  (rate  determining) 

(2)  OH  4  H|0|“*  HjO  4  HO, 

(3)  HO,  4  HO,”*  H|0,  +  O, 

The  calculated  activation  energy  of  48  kcal/mole  corresponds  to  that 
expected  as  the  minimum  energy  to  break  ths  0-0  bond. 

The  decomposition  of  hydrogen  peroxide  vapor  at  pressures  below 
1  nun  Hg  in  silica  vessels  from  15  to  140*  was  investigated  by  Mackensie 
and  Ritchie  (237).  In  general  the  reaction  was  bimolecular,  out  the  order 
depended  on  the  vessel  used  for  the  reaction.  Most  diluents  retarded  the 
reaction  (none  accelerated  it),  but  water  vapor  at  above  10  nun  pressure 
caused  a  periodicity  in  the  rate.  Approximate  heats  of  activation  were  4200 
calories  from  15  to  70*  and  8400  cal  fru.n  80  to  140*.  For  1  mm  pressure 
of  peroxide  at  50*,  the  velocity  of  decomposition  was  calculated  to  be 
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0.  70  x  101*  mole/cm'*/*#^*  using  absolute  reaction  rate  theory  and  the 
aeaumption  that  the  lower  value  o i  heat  of  activation  correaponda  to  a  aur- 
face  reaction.  The  calculated  velocity  agreed  with  the  experimental  value 
of  0.  76  x  10**  mole/cm’*/aec‘4.  Above  140*,  the  reaction  waa  too  rapid  to 
meaeure  ratea. 

Satterfield  and  Stein  (305)  uaed  a  flow  reactor  of  Pyrex  glaea  to 
atudy  the  homogeneoua  decompoaition  of  hydrogen  peroxide  vapor.  T'he 
reaction  changed  from  heterogeneoua  to  homogeneoua  at  400*450*  and  a 
partial  pressure  of  0.02  atm.  The  h  mogeneous  reaction  was  3/2-order 
and  had  an  activation  energy  of  55,  000  cal/mole.  The  rate  at  460*  and 
0. 02  atm  yielded  a  calculated  value  of  1.9  x  101T  molecules  decomposing 
per  ce  per  second.  About  1.8  x  10,#  collisions  per  second  had  energy 
greather  than  the  activation  energy.  The  large  difference  in  the  two  calcu¬ 
lated  numbers  indicated  that  long  chains  are  involved. 

McLane  (263)  uaed  a  flow  system  to  study  the  thermal  decomposition 
of  hydrogen  peroxide  at  partial  pressures  of  1-2  mm  Hg  in  the  presence  of 
nitrogen  or  oxygen  at  atmospheric  pressure.  The  reaction  was  first  order 
and  had  an  activation  energy  of  40  kcal/mole  at  about  520*.  The  reaction 
is  partially  homogeneous  at  470-540*  in  boric-acid  treated  vessels. 

Nikitin  (279)  calculated  the  rate  constant  for  thermal  bimolecular 
decomposition  of  HjOa,  taking  into  account  the  breakdown  in  the  Boltxmann 
distribution  for  the  vibrational  states. 

Kondrateva  and  Kondratev  (131)  investigated  the  thermal  decompo¬ 
sition  of  hydrogen  peroxide  vapor  in  a  molybdenum  glaae  tube.  The  decom¬ 
position  was  carried  out  In  moist  air  containing  0.  01  to  0.4  mm  Hg  of  HjOj. 

The  reaction  was  second  order  with  an  activation  energy  of  8.5  kcal/mole. 

The  exploeive  characteristics  of  hydrogen  peroxide  vapor  were 
examined  by  Satterfield  and  others  (304),  Explosion  limits  were  determined 
for  hotwires,  heated  surfaces,  and  catalytic  surfaces  under  various  pressures. 
At  atmospheric  pressure  vapors  with  26.  0  mole  per  cent  or  more  could  be 
exploded.  Either  a  noncat&lytic  surface  at  150*  or  a  catalytic  surface  at 
room  temperature  exploded  the  vapors.  Vapor-liquid  equilibria  diagrams 
weke  prepared  to  show  the  temperatures  at  which  various  aqueous  peroxide 
solutions  have  explosive  vapors  over  them.  A  minimum  HjOj  concentration 
of  74  per  cent  was  determined  necessary  to  yield  explosive  vapor.  The 
explosion  reaction  was  believed  to  be  thermal,  involving  straight  chains 
only. 


SECTION  XX. 


GENERAL  AND  APPARATUS 


FMC  Corporation  (62-66)  conducted  a  two-year  program  (*956-1958) 
under  U.S.  Navy  contract  to  study  the  parameter*  involved  in  the  catalytic 
decomposition  of  hydrogen  peroxide.  This  work  included  techniques  for 
determining  the  surface  areas  of  catalysts ,  analysis  of  the  effects  of  impu¬ 
rities  on  the  catalytic  activity  of  silver  and  platinum,  analysis  of  the  mech¬ 
anism  of  heterogeneous  and  thermal  decomposition,  and  analysis  of  catalyst 
screen  design  and  configuration.  Static  and  dynamic  tests  and  laboratory 
and  large-scale  tests  were  conducted.  Brief  literature  surveys  on  catalysts 
for  decomposing  hydrogen  peroxide  and  thermal  decomposition  of  hydrogen 
peroxide  were  also  included. 

In  a  general  analysis  of  the  catalytic  activities  of  the  chemical 
elements,  Krause  (140)  cited  a  number  of  examples  to  illustrate  that  there 
Is  no  way  to  predict  a  priori  the  activity  of  mixed  catalysts.  Sometimes  it 
is  not  even  permissible  to  generalise  on  whether  a  particular  element  is 
active,  indifferent,  or  inhibiting  in  mixed  systems  because  behavior  may 
depend  on  the  particular  combination  of  elements  on  the  material  used  as 
a  carrier.  For  example,  Mn(lI).lons  alone  do  not  catalyse  the  decomposi¬ 
tion  of  HjOi  at  37*,  but  it  is  extremely  active  adsorbed  on  Mg(OH)t.  Group 
X  and  IX  metal  ions  are  not  active  on  Zn(OH)i,  and  aluminum  ion  can  inhibit 
the  reaction.  However,  these  same  ions  activate  the  catalysis  when  Cu(ll) 
or  Go(H)  ions  are  also  present.  The  beliavior  of  sodium  ion  on  Bl(OH)j 
illustrates  that  the  catalytic  activity  is  not  always  proportional  to  the  ion 
concentration.  The  behavior  of  activating  salts  of  sodium  adsorbed  on 
magnetite  in  the  presence  of  Co(ll)  and  Cu(U)  ions  depends  on  the  anions 
that  are  present.  These  components  affect  the  catalysis  by  forming  a 
variety  of  complex  and  undefinable  radicals.  The  radicals  can  start  and 
interrupt  chain  reactions,  depending  on  the  presence  of  poisons.  In  some 
instances,  substances  that  are  ordinarily  poison*  promote  the  reaction. 
Sodium  fluoride  normally  poisons  the  peroxidlc  oxidation  of  formic  acid 
catalysed  by  y  -FeOOH  and  CuO,  but  at  small  concentrations,  it  is  an 
accelerator. 

Block  (24)  reviewed  the  work  of  other  investigators  in  the  field  of 
heterogeneous  catalysis  in  an  attempt  to  correlate  activity  with  the  electronic 
defects  of  semiconducting  properties  of  catalysts.  St  was  found  that  a 
relation  does  exist,  and  that  it  can  be  used  as  a  basis  for  catalyst  selection. 
In  an  analysis  of  a  wide  variety  of  catalytic  reactions,  including  the  decom¬ 
position  of  hydrogen  peroxide,  two  general  reaction  types  were  distinguished. 
Donor  reactions  which  produce  cations  of  the  reactants  at  measurable  rates, 
are  effectively  catalysed  by  p-conducting  agents.  Acceptor  reactions,  which 
have  anion  formation  as  the  rate -determining  step,  are  effectively  catalysed 
by  n-conductore.  Defects  are  consistently  without  effect  if  molecular 
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rearrangement*  are  rate -determining  eince  such  reaction*  do  not  involve 
electron  tranefer  with  the  catalyst.  Semiconducting  properties  can  alto 
be  ueed  to  relate  catalytic  activity  and  properde*  of  contact  aite*  for  aome 
reaction*.  These  relation*  are  only  qualitative:  exact  relation*  require 
knowledge  of  the  *urface  activated  complexes  in  the  catalytic  reaction*. 

Poltorak  (293)  attempted  to  relate  the  active  center*  in  heterogeneou* 
catalyst*  to  lattice  defect*  of  crystal*.  An  analy*l*  of  previous  theories 
and  of  the  thermodynamics  of  real  crystals  led  to  a  mathematical  expres¬ 
sion  relating  an  increase  in  the  chemical  potential  of  a  bounded  finite  crystal 
to  that  of  an  "infinitely  large  "  crystal.  The  difference#  in  chemical  poten¬ 
tials  can  be  determined  approximately  from  heats  of  sublimation. 

The  theory  was  applied  to  metallic  and  semiconductor  catalyets. 

The  energy  required  to  form  crystal  defects  in  metals  was  related  mathe¬ 
matically  to  the  heat  of  sublimation.  The  results  could  be  used  to  relate 
change*  in  catalytic  propertie*  to  the  type  or  the  mode  of  preparation  of 
the  crystal*. 

The  general  theory  may  serve  as  a  basis  for  explaining  the  effects 
of  sintering  on  the  catalytic  activity  of  metals.  Four  modes  of  behavior 
have  been  observed  experimentally:  (1 )  activity  i*  independent  of  eith®r 
preparation  method  or  sintering  temperature;  (2)  activity  decreases  with 
sintering  temperature;  (3)  activity  increase*  to  a  maximum  with  sintering 
temperature,  and  (4)  activity  paaees  through  maximum  and  minimum  with 
increasing  sintering  temperature.  Case  (4)  can  occur  when  the  surface  at 
the  initial  temperature  ha*  an  amorphous  phase  that  crystallite*  with 
nonequilibrium  boundaries  when  heated.  Thie  was  demonstrated  for  the 
decomposition  of  hydrogen  peroxide  by  silver.  Two  groups  of  silver  cata¬ 
lysts  were  prepared  by  reducing  silver  nitrate  at  -4*.  One  group  w«*a 
sintered  at  100-500*  in  hydrogen.  The  activity  wa*  in  accordance  with 
case  (4).  The  second  group  wa*  initially  heated  to  150*.  Extended  sintering 
at  150-400*  gave  only  a  gradual  change  in  activity.  It  was  concluded  that 
active  catalytic  centers  reach  equilibrium  more  often  than  has  been  thought, 
and  that  non- equilibrium  in  the  crystal  lattice  is  the  main  cause  of  non¬ 
equilibrium  of  catalyets, 

Poltorak  also  discussed  experiment*  which  demonstrated  that  the 
fraction  of  active  center*  on  semiconductors,  in  contrast  to  metals,  does 
not  depend  on  the  diepereity  or  mosaic  nature  of  the  crystals.  Acti  ty 
depends  on  "metallic  ensemble*  "  on  the  i  srface, 

Krause  (134)  discussed  the  theory  of  catalytic  decomposition  of 
hydrogen  peroxide  on  the  baeis  of  electrochemical  behavior.  Electrolytic 
dissociation  of  HaOt  into  H+  and  HOT  by  a  catalyst  leads  to  decomposition 
because  the  HO*"  ion  ie  unstable.  Krause  assumes  that  solutions  of  11*0* 
contain  two  isomers  in  dofinite  equilibrium  that  can  be  altered  by  various 
chemical  environments/  H-g-H,  which  acts  as  an  oxidising  agent,  is 
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catalysed  by  metals  because  this  molecule  is  the  final  acceptor.  HOOH, 
which  acta  as  a  reducing  agent,  is  also  catalyzed  by  metals  by  dehydrogena¬ 
tion,  which  gives  oxygen  and  water  as  the  products.  In  this  reaction,  HO 
and  HO  a  radicals  are  produced  and  they  can  initiate  an  uninterrupted  chain 
reaction  involving  electronic  resonance.  Efficient  resonance  allows  obser¬ 
vation  of  only  A  contact  catalyst,  which  is  active  even  in  the  smallest 
quantities. 

Kuahelyuk  (212)  attempted  to  correlate  emf  measurements  with  the 
activities  of  semiconductor  catalysts  in  the  decomposition  of  hydrogen  pev- 
oxide  solutions.  Changes  in  emf  and  catalytic  activity  over  the  range  29-90* 
were  measured  for  p-type  catalysts  (CuO  and  NijO»)  and  n-type  catalysts 
(ZsO,  FtjPj,  MnO|,  PbO,  and  Al^Oj).  In  the  case  of  Ni^Os,  emf  increased 
to  a  maximum,  decreased  to  a  minimum  at  65*,  then  increased.  Catalytic 
activity  increased  continuously  over  the  temperature  range,  but  it  acceler¬ 
ated  between  52  and  65*.  Both  p-  and  n-type  catalyeta  showed  the  same 
behavior.  AljOj,  which  does  not  catalyze  KjOj  decomposition,  was  tho  only 
exception.  In  this  case  the  emf  decreased  continuously  with  increasing 
temperature. 

Pierron  (291)  studied  the  rate  of  hydrogen  peroxide  decomposition 
by  a  aeriea  of  metal  oxides  in  alkaline  solutions.  At  all  base  concentrations, 
oxides  of  the  fallowing  metals  increased  the  rate:  nickel,  cobalt,  iron, 
copper,  lead,  manganeee,  eilver,  and  mercury.  ZnO,  CdO,  and  AIjOj 
inhibited  the  reaction  over  a  narrow  range  of  alkalinity.  MgO,  CaO,  and 
BaO  decreaeed  the  rates  over  a  wider  range  of  alkalinities.  SnJOH)* 
decreased  the  rate  in  all  cased.  It  wae  concluded  that  the  most  stable 
oxides  decrease  the  rate,  and  the  least  stable  oxides  increase  the  rate. 

The  effects  are  more  pronounced  at  higher  temperatures  and  Hfii  concen¬ 
trations. 

The  catalytic  activities  of  several  groups  of  metal  oxides  and  salts 
in  the  decomposition  of  hydrogen  peroxide  were  investigated  by  Zhabrova 
and  others  (377).  The  compounds  were  selected  on  the  basis  of  chemical 
properties  and  color:  (1)  non-transition,  insoluble  salts  (FbSOs,  BaS04, 
BaCOj,  aluminum  silicate);  (2)  acidic  and  amphoteric  colorless  oxides 
(SaOj,  SiOj,  ZnO,  AljOs,  and  colorless  transition  metal  oxides);  (3) 
colorless  alkaline  earth  oxides  (BaO,  CaO,  MgO);  and  (4)  ionic  semicon¬ 
ductors  (Cr/3j,  MnOj.  NiO,  FejOj,  CuO,  and  others).  It  wae  found  that 
in  certain  casea,  such  as  VjO*,  CrjOj,  and  FejOj,  the  homogeneous  reaction 
caused  by  dissolved  catalyst  plays  an  important  part  in  the  over-all  decom¬ 
position.  In  general,  catalytic  behavior  does  depend  on  the  position  of  the 
elements  in  the  periodic  table  and  on  the  chemical  properties  of  the  solide . 
Catalysts  that  are  both  colored  and  contain  transition  elements  are  the 
most  active.  The  activity  of  colorless  basic  oxides  is  substantially  higher 
than  that  of  colorless  acidic  oxides  and  increases  with  alkalinity.  The 
fact  that  activity  can  be  correlated  with  electronic  properties  indicates 
that  there  is  a  direct  exchange  of  electrons  in  the  decomposition  reaction. 
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Zhuravlev  and  Kuzhelyuk  (380)  uaed  an  electrochemical  procedure 
to  meaaure  changes  of  activity  with  time  for  hydrogen  peroxide  decompo¬ 
sition  catalyst*.  Change*  in  activity  with  time  of  electron  and  hole  aezni- 
conductor*  were  correlated  with  emf  change*.  One  cell  electrode  con*i*ted 
of  the  catalyst  and  the  other  waa  a  conductor  (carbon)  that  did  not  affect 
the  rate.  Hydrogen  peroxide  waa  the  electrolyte.  Emf  was  measured 
every  ten  minutes  for  ten  days.  The  following  groups  of  catalysts  were 
distinguished:  p-NiO,  n-MaOz,  and  n-CdO;  p-Ni^Oj,  and  p-Cofij)  p-CuO, 
n-ZnO,  and  n-FbO;  and  n-Fe^Oj,  A  second  degree  equation  for  relating 
activity  and  emf  best  fitted  the  data. 

Zhuravlev  and  others  (381)  attempted  to  correlate  the  work  functions 
of  various  oxides  with  catalytic  behavior  in  the  decomposition  of  hydrogen 
peroxide.  The  method  of  contact  potential  difference  was  uaed  to  measure 
the  work  functions  of  Co 2O,,  CdO,  NiO,  PbO,  ZnO,  and  PbjO.  A  correla¬ 
tion  with  work  function  was  possible  only  in  some  cases,  a  result  explained 
by  simultaneous  adsorption  of  and  H*0  molecules  on  the  catalyst  sur¬ 
face.  In  the  case  of  semiconductor  catalysts  the  work  function  in  the 
adsorption  of  various  gases  correlated  with  activity.  Higher  activity  cor  - 
responded  to  larger  changes  in  work  function.  However,  it  was  not  possible 
Co  distinguish  acceptor  and  donor  gases  and  vapors  since  the  characteristics 
depended  on  the  adsorbent  used. 

Satterfield  and  Audibert  (307)  studied  the  apparently  analogous 
behavior  between  phenomena  observed  in  catalytic  decomposition  of  concen¬ 
trated  hydrogen  peroxide  on  a  solid  catalyst  and  the  behvaior  of  non- reacting 
fluids  in  nucleate  and  film-boiling  heat  transfer.  Decomposition  rates  as 
a  function  of  HjPz  concentration,  surface  temperature,  surface  curvature, 
and  corresponding  heat  fluxes  were  measured  for  comparing  the  two  pheno¬ 
mena. 


In  a  study  of  heat  and  mass  transfer  in  the  catalytic  decomposition 
of  hydrogen  peroxide,  Satterfield  and  others  (254)  reported  that  the  rate  of 
decomposition  of  Hz02  vapor  is  controlled  by  the  rate  of  mass  transport  to 
the  catalyst  rurface, 

Yamada  and  Nishioka  (373)  proposed  methods  for  evaluating  the 
decomposition  rate  of  concentrated  hydrogen  peroxide.  Rates  were  given 
by  the  ratio  of  exhaust  gas  flow  rate  to  liquid  inflow  rate  using  a  catalyjt 
pack.  Low  feed  rates  gave  high  decomposition  rate*,  and  a  maximum  rate 
was  reached  for  a  hydrogen  peroxide  concentration  of  70  per  cent. 

A  simple  iester  for  comparing  catalyst  activities  was  developed. 
Small  samples  of  catalyst  yielded  result*  consistent  with  full-scale  tests. 

Formwalt  (77)  obtained  a  1953  U.  S.  patent  covering  an  apparatus 
used  to  meaaure  catalytic  activity.  The  apparatus  continuously  measures 
pressure  with  a  cylinder  containing  hydrogen  peroxide  and  catalyst. 
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Temperature -compensated  remittance -wire*  strain  gage*  connected  to  an 
oscillograph  are  used  for  the  measurement* 

Maglio  and  Poole  (241),  of  General  Electric  Company,  obtained  a 
1962  U.  3.  patent  covering  a  catalytic  chamber  uaeful  for  decomposing 
hydrogen  peroxide  in  various  type*  of  propulsion  units. 

In  a  1962  U.  S.  patent  assigned  to  General  Mills,  Moore  and  others 
(269)  described  a  catalytic  chemical  heater  that  employs  hydrogen  peroxide. 
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SECTION  XXI2L 
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Thia  index  can  be  uaed  to  locate  diacua aiona  of  catalytic  activity  of 
an  element  when  it  la  not  diacuaaed  under  that  element  in  the  body  of  the 
report.  For  example,  in  thia  index  under  ailver  will  be  found  information 
on  c&talyaia  by  ailver  and  ailver  compounds  not  included  under  silver  in  the 
text.  The  notation  refera  to  the  page  number,  followed  by  the  reference 
number  (Section  XXI)  in  parentheaea. 
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96(380),  96(381) 

OSMIUM 

14(249) 
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ceeeeen. 

V  AirrHOmt>  Knar  iba  aana<a)  al  aulbaKa)  ••  aberra  ea 
at  ia  ibe  f avert.  Knar  laal  naan,  Ural  aaaw,  medlt  initial. 

II  Mluary,  ahaa  task  a aS  breach  al  service.  The  aaaw  *1 
iba  prtaei pal  autkar  ia  aa  abaatata  auaman  repel  reawnt, 

X  It  SPOUT  DATti  Knar  tka  dale  al  Iba  raaert  at  bay, 
cm  at  a,  yaart  ar  nenk.  yea*  U  am  tkaa  aaa  data  eprara 
aa  tka  rap  an.  aaa  data  al  publicities 

Ta.  TOTAL  NUMMKR  OT  RAflE*  Tka  tatai  pace  aaan 
akaald  leilew  aetata!  praiaetiea  preerdwas,  La,  eater  the 
aanbar  el  papas  ease  a  jalap  Uiemettan 

Tk.  NUMMKM  OP  RKPKMNCKO  talar  ike  trial  atmkar  at 
ref  arouses  card  la  tka  rip  art. 

•a  OOKTRACT  OH  QUART  irjMMUt  If  ippreprtne,  aatai 
tka  applicable  aanbar  al  tka  canraat  ar  praal  aadar  ablab 
Iba  i apart  was  atiilia 

•k,  M  Id  PROJECT  HUM  DR  Kater  Iba  appeeprtet* 

•I  lit  ary  dap  art  teen  ideetifkatiee,  each  u  prajact  nintuse, 
eefcpeeject  maker,  lystan  nmbart,  lean  tanker,  ata 

•a  camntATORMi  report  mnemttns  Knartbaain* 
cial  report  aanbar  bp  which  Uw  daaannai  artll  he  i  Sew  ill  ad 
aad  eanrallad  by  tka  arletanwe  activtiy.  Tbit  nathae  mat 
ba  aatpue  Is  ibis  repeat. 

»k.  OTHER  REPORT  EtfMRRJKty  II  the  rapart  Lee  bam 
aaalpmd  any  ether  rapart  ataabars  ! either  kp  iba  artpr never 
Pr  kp  Me  apaaeurA  alas  niter  Ibis  eaabarts). 

10.  AYAH .A1UT YfLtttTATlOH  HOTICXSi  Eater  aay  Iim 
itatiaaa  aa  lort bar  dtaaantaatlm  al  tba  rapart.  ether  tkaa  tkaa. 


lapaaid  by  aaaorily  eUeelflaatiea.  aaiap  standard  atataawata 
cash  an 

<l>  "Odd  Hi  ad  revue  at  are  nay  abtala  aapiaa  al  this 
rapart  Iran  DDC" 

(2)  "Ferelm  aaaemeaneai  aad  dUtvatlaetlen al  Ida 
rapart  by  DDC  la  an  aotbarlaea,  *• 

(3)  "U  1  Osveianan  apeeclea  nay  abtala  vaalat  al 
INI  rapart  dlraaUy  Iran  DDC  Other  peailUed  DDC 
a  cars  shall  resent  thravib 


(4)  "U  a  miliary  apaaaiaa  My  aUaia  aapiaa  al  thla 
rapart  dlteetly  ben  DDC  Other  tpwliliad  aasra 
shall  repo  eel  I  arena  a 


(I)  "All  dlatrUMdlaa  el  Ibis  rapart  la  eeetrellad,  Qual- 
Iliad  DDC  oanra  shall  repattt  threaps 


II  Iba  rapart  baa  be  re  furnished  la  Iba  Ollica  al  Technical 
karvtcta,  Dry  art  leant  af  Cemaerce,  lor  sol*  to  Utc  public,  ladt- 
ana  this  lact  and  enter  the  pries,  U  been* 

IL  IURRLEMEHTAAY  NOTES!  Ueo  lor  additional  ecplana. 

I  ary  naive. 

U  SPOHRORINQ  MILITARY  ACTTVTTYi  Knar  Iba  aaaw  al 
Iba  drpartaiaeid  prajaal  alflea  ar  labeeeterr  acaaaartap  f pap. 
ini  ft)  tba  research  aad  devaiapaaoL  Inafaae  adtkees, 

I).  AMTRACTi  Ealcr  aa  abstract  siviai  a  brtal  aad  leumal 
aoanwry  al  tba  decimal  Indicative  al  tka  rapart.  evea  i  heaps 
It  nap  alas  appear  elsewhere  ia  tk*  body  H  m»  laabaiaal  re- 
pnrt,  W  addiiiaasl  tpaea  la  repaired,  a  aaatiamlim  a  beat  ahall ' 
be  altaatwd. 

It  la  biahiy  desirable  mat  the  abstract  al  elaaainad  report! 
ba  naalaaalUad.  Each  paiaprapb  al  Iks  abalract  ahall  aad  nob 
aa  iadioailm  al  Uw  muury  aacarity  elaasifUstiee  rl  tba  la- 
lemalim  ia  Uia  pareprapb.  represented  pp  im  (t).  (C),  ar  (V). 

There  ia  aa  tinileliM  aa  Uia  leattb  al  tba  abatrsel.  Han. 
aver,  lbs  tupcaatad  leapth  ia  Iran  IM  t«  Hi  t  aide. 

14,  KEY  VO  EDI;  Key  nerds  are  technically  nnaaiapful  terns 
ar  abwrt  phrases  that  cbarectartaa  a  repart  and  nay  ba  toed  as 
Indav  on  trier  (ar  satals«ta«  tba  report.  Key  nerds  Most  be 
selected  aa  that  aa  aecurtty  ilratifUeUea  la  repaired.  Idaatl- 
llsra,  such  aa  epntpewal  node  I  dsalnwUaat,  trade  acne.  aUiltary 
prajaal  cade  aaaia,  peepeaphic  laaauaa,  my  be  oaad  aa  bey 
nerds  but  nlll  ba  (aliened  by  aa  lodiaaUsa  al  lacbalaal  cao- 
lan.  Tba  asaipannt  al  Uakc.  miss,  aad  nelMue  la  aptiaaal. 
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